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Abstract: 
Phosphorylation of eIF2a has been adopted by different organisms to cope with 
environmental stresses such as nutrition deficiency, ER stress and viral infection. 
eIF2a kinases have been well studied in yeast, drosophila and mammals but their 
study is relatively preliminary in plant. GCN2 is one of the well studied eIF2a kinase 
in yeast and mammals which responsible for the survival of the organism under 
amino acid starvation. Previously, GCN2 homologue has been cloned in Arabidopsis 
thaliana {AtGCNI) and its ability to phosphorylate eIF2a has been proved in planta. 
However, the regulation and consequence of phosphorylating eIF2a is still largely 
unknown in plant. As a kind of sessile organisms, plant cannot actively hunt for the 
nitrogen resources which are essential for life. It is believed that, studying and 
manipulating AtGCNI could be a way to manipulate the ability of plant to cope with 
amino acid starvation and even nitrogen deficiency. 
In yeast, GCN2 is activated by uncharged tRNA to phosphorylate eIF2a under 
amino acid starvation. Phosphorylation of eIF2a will bring about inhibition of global 
translation, but selective translation of certain transcription factors that activate the 
transcription of related genes to help the organism to ease the stresses. 
In this study, the function of the kinase domain and histidyl tRNA 
synthetase-related domain were delineated. Two eIF2a family members that can be 
phosphorylated by AtGCN2 in vitro have been identified in Arabidopsis thaliana. On 
the other hand, C-terminal of AtGCN2 has been proven to bind specifically to tRNA 
in the gel mobility shift assay. Addition of AtGCN2 to wheat germ extract can inhibit 
the translation of Hemagglutinin (HA) mRNA. Nevertheless, AtGCN2 performed 
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differently from its yeast and mammalian counterparts as constitutive overexpression 
of AtGCN2 in A. thaliana did not alter expression of selected nitrogen metabolic 
genes under untreated conditions, nitrogen starvation and azaserine treatment. 
Furthermore, the AtGCN2 constitutive overexpressors did not take advantage in seed 
organic nitrogen accumulation under normal growth conditions. 
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摘要： 
多種生物都採用了磷酸化eIF2a (真核翻譯起始因子 2的 a l p h a單元） 
的系統作爲對抗養份不足、內質網脅迫和病毒感染等環境脅迫的手段。酵母菌、 
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Chapter 1 Literature Review 
Living organisms are challenged by different stresses such as nutrition 
deficiency, UV irradiation, ER stress, viral infection, drought, heat stress, cold shock 
and so on. Different systems have evolved by different organism to deal with 
different stresses. eIF2a kinases mediated stress response is one of the responses 
found in eukaryotes that cope with different stresses. Detail mechanism of the eIF2a 
kinase mediated stress response will be discussed. 
1.1 General amino acid control in yeast 
General amino acid control (GAAC) refers to the phenomenon of cross-pathway 
transcription regulation of amino acid biosynthesis upon amino acid starvation in 
Saccharomyces cerevisiae (yeast) involving one of the well studied eIF2a kinase, 
GCN2 (general control non-repressible 2). The GAAC system has been previously 
comprehensively reviewed (Hinnebusch 2005; Li and Lam 2008). The model of 
GAAC system is illustrated in Figure 1. 
GCN2 is the sole eIF2a kinase in yeast. Normally, the kinase domain of GCN2 
binds to the histidyl tRNA synthetase-related domain such that the kinase activity is 
inhibited (Figure 1) (Dong et al 2000). However, upon amino acid starvation, amino 
acids are used up and left the uncharged tRNA. The accumulated uncharged tRNA 
competes with the kinase domain of GCN2 and binds to the histidyl tRNA 
synthetase-related domain. As a result the kinase domain of GCN2 is released for 
activation. The GCN1/GCN20 (two elongation factor 3 (EF)-like proteins) interacts 
with GCN2 to facilitate the binding of the tRNA (Garcia-Barrio et al 2000; Kubota 
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et al 2001; Marton et al. 1997; Sattlegger and Hinnebusch 2000). The activated 
GCN2 will phosphorylate the eIF2a at serine-51, which leads to a global inhibition 
of protein translation and reprogramming of transcriptome. 
Initiation of protein translation required a ternary complex (TC) formed from 
eIF2, GTP and methionyl initiator tRNA (Met-tRNAi'^''). The TC together the 40S 
ribosomal protein will form the 43S pre-initiation complex (PIC). The PIC will bind 
to the mRNA unwound by eIF4 to form the 48S complex which scans along the 
mRNA for the AUG start codon. Upon base match of Met-tRNAj^'^ with the AUG 
start codon, eIF5 will be recruited to induce the hydrolysis of GTP on the eIF2 to 
GDP and caused a release of the eIF2-GDP from the complex. The translation 
complex will further recruit the 60S ribosomal subunit to start the translation. 
eIF2 indeed is a heterotrimer consisting of three subunits, a, p and y. The y 
subunit is the docking site for the GTP and GDP. The released GDP-bound eIF2 from 
the last round of translation initiation is normally recycled to its GTP-bound form by 
the eIF2B (a guanine-nucleotide exchange factor) for the next round of translation 
initiation. However, as mentioned before, the a subunit of eIF2 will be 
phosphorylated by GCN2 upon amino acid starvation. The phosphorylated eIF2 will 
in turn acts as a competitive inhibitor of eIF2B such that the recycling of eIF2-GDP 
to eIF2-GTP will be inhibited. Under this circumstance, the reduction of GTP-bound 
eIF2 availability restricted the formation of TC and as a result lowered the rate of 
global protein translation (Hinnebusch 2005; Li and Lam 2008). 
Though the global protein translation is reduced, the translation of GCN4 is 
favored under such situation. There are four upstream open reading frames (uORFs) 
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located at the 5' untranslated region (5' UTR) of GCN4 mRNA (Figure 3). In normal 
conditions, the initiation complex will reach the uORFs first before reaching the real 
GCN4-co(Xmg sequence. The translation of the uORPs will lead to pre-mature release 
of ribosomes and make the translation of GCN4 ORF impossible. Shortage of TC 
during the starvation conditions prevented the formation of complete initiation 
complex when the ribosome scans through the uORFs. As a result, the translation of 
the ORF of GCN4 becomes possible and more favorable. 
GCN4 is a bZIP (basic leucine zipper) transcription factor. GCN4-responsive 
element (GCRE: 5'TGACTC3') has previously been identified in the promoters of 
genes regulated by GCN4 (Amdt and Fink 1986). Over 500 genes involved in 12 
amino acids, amino acid precursors, vitamin/cofactor and purine biosynthesis, 
peroxisome biogenesis, glycogen metabolism and so on are found to be regulated by 
GCN4 using microarray analysis (Natarajan et al. 2001). Interestingly, the expression 
of GCN2 itself is also upregulated by the overexpression of GCN4 (Roussou et al. 
1988). 
In additional to uncharged tRNA and GCN1/GCN20 complex, GCN2 is also 
regulated by the TOR (target of ripamycin) pathway. Auto-phosphorylation of GCN2 
at serine-577 will reduce its affinity towards uncharged tRNA under non-starvation 
conditions. In nitrogen limiting conditions or in the present of ripamycin, SIT4 (a 
type-2A protein phosphatase) will be released from the complex formed with TAP42, 
a downstream effector of TOR pathway. The released SIT4 will restore the affinity of 
GCN2 toward the deacylated tRNA by dephosphorylating the serine-577 
(Cherkasova and Hinnebusch 2003). 
Apart from starvation conditions, GCN2 was also found to be activated by 
different treatments. Either phosphorylation of eIF2a or GCN2 dependent induction 
of GCN4 translation was detected upon low glucose (Yang et al. 2000), alkylating 
agent methyl methanesulfonate treatment (MMS: Natarajan et al 2001) and salt 
treatment (Goossens et al. 2001). Up till now, there is no direct evidence on how 
these treatments activate GCN2. However, it is possible that all these treatments can 
disturb amino acids uptake and biosynthesis as well as aminoacylation of tRNA, 
leading to an accumulation of uncharged tRNA. 
Amino acid starvation induced 
accumulation of uncharged tRNA 
Amino acid biosynthesis 
Figure 1. Model of general amino acid control in yeast. The kinase activity of 
GCN2 is activated by binding to uncharged tRNAs accumulated upon amino acid 
starvation. The binding of uncharged tRNAs is facilitated by the binding of 
GCN1/GCN20 complex to GCN2. The activated GCN2 phosphorylates the a subunit 
of eukaryotic translation initiation factor-2 (eIF2a) and inhibits the exchange of GDP 
on the eIF2丫 with GTR This will reduce the availability of eIF2-GTP for the 
formation of ternary complex (TC) involved in translation initiation. When there is 
no starvation, TC formation is not limited by the phosphorylated eIF2a, abundant TC 
allows translation of the upstream open reading frame (uORFs) of GCN4 which 
leads to pre-mature disintegration of the ribosome complex before translating the 
GCN4 ORF. Reduction of TC during amino acid starvation allows the ribosome to 
bypass the uORFs of GCN4 and allows the translation of the GCN4 ORF. GCN4 
protein is a transcription factor acting on GCRE motif in the promoter of target genes. 
GCN4 regulates the expression of several hundreds of genes, including a number of 
amino acid biosynthetic genes. When N supply is scarce, GCN2 is dephosphorylated 
by SIT4 which is a component of the TOR pathway. Homologues of GCNl, GCN2, 
GCN20, eIF2a, GCRE-\\V.q motif and genes with uORFs have been found in plants 
(reviewed by Li and Lam 2008). 
1.2 Mammalian eIF2a kinases 
GCN2 kinase has also been characterized in Drosophila melanogaster (DGCN2: 
Olsen et al 1998) and Neurospora crassa (CPC3: Sattlegger et al. 1998) while there 
are four eIF2a kinases found in mammals response to different stresses and stimulus 
(Wek et al. 2006). The basic stress responses triggered by these four kinases are 
similar to that of the yeast system. The kinases phosphorylate eIF2a leading to an 
inhibition of global protein translation but selective translation of certain 
transcription factors. Nevertheless, each eIF2a kinases can also trigger responses 
which are unique to each of them. The four mammalian eIF2a kinases together with 
the major downstream transcription factor ATF4 are briefly reviewed in the following 
sub-sections. 
1.2.1 Heme-regulated inhibitor kinase (EIF2AK1/HRI) 
Study of HRI has been extensively reviewed (Chen 2007; Chen and London 
1995, therein). Expression of HRI is erythroid specific (Chen and London 1995) that 
HRI is regulated by heme to balance the production of heme and globin (Chen 2007). 
Specificity of HRI toward heme but not iron has been demonstrated using knockout 
mice defective in an enzyme that involved in the production of heme (Han et al. 
2005). HRI consists of five region including N-terminus, kinase I，kinase insert, 
kinase II and C-terminus. There are two heme-binding sites located in the N-terminus 
and the kinase insert, respectively (Chen 2007). Upon production, globin must 
immediately bind heme to produce functional haemoglobin, otherwise the nascent 
protein will aggregate and lead to cytotoxicity (Han et al. 2005). Four hemes are 
associated with a HRI dimer in heme sufficient state. Two of the hemes will 
dissociate from the HRI dimer during hemes deficient to promote 
autophosphorylation of HRI and activate its eIF2a kinase activity. Phosphorylation 
of eIF2a by HRI leads to inhibition of translation and thus retards the production of 
globin to prevent destructive effect of globin precipitation (Chen 2007). Expression 
of adaptive genes during iron deficiency was found regulated by HRI (Liu et al. 
2008). Though the relationship between ATF4 and the expression of adaptive genes 
upon HRI activation has not been shown, disruption of ATF4 in mice did cause a 
transient fetal anaemia (Masuoka and Townes 2002). Apart from heme deficiency, 
HRI was also found activated by oxidative stress, osmotic shock, heat shock (Lu et al. 
2001) and nitric oxide (Uma et al 2001). 
1.2.2 Protein kinase dsRNA-dependent (EIF2AK2/PKR) 
PKR consists of a dsRNA binding domain (dsRBD) at the N-terminal and the 
eIF2a kinase domain at the C-terminal. There are two dsRNA binding motifs 
(dsRBM) within the dsRBD responsible for the binding ofdsRNA (Cole 2007). The 
kinase domain of PKR without stimulus is autoinhibited by the dsRBD (Cole 2007). 
Usually, dsRNA is produced in viral infected cells during viral replication and 
transcription. The two dsRBM will wrap around the dsRNA molecule and release the 
kinase domain of PKR (Nanduri et al 1998). This facilitates the dimerization of PKR 
and autophosphorylation of PKR to activate PKR kinase activity (Dey et al 2005). 
The activated PKR phosphorylates eIF2a inhibit the translation of viral mRNA 
(Garcia et al. 2007). Apart from dsRNA, PKR can also be activated by the binding of 
PKR-associated activator (PACT: Patel and Sen 1998). eIF2a is not the sole substrate 
of PKR. PKR can also phosphorylate the human tumor suppressor p53 protein 
(Cuddihy et al 1999)，p38 (Goh et al. 2000) and JNK (Chu et al 1999) involved in 
immune response. P K R is also involved in NF-KB (Nuclear factor 
keppa-light-chain-enhancer of activated B cells) activation possibly by inhibiting the 
translation of the IKB (inhibitor of NF-KB) (Wek et al. 2006), phosphorylating IKB to 
help degrading IKB (Kumar et al 1994) and phosphorylating and activating IKB 
kinase (IKK) complex to help degrading IKB (Garcia et al. 2007; Gil et al. 2000). 
1.2.3 PKR-like ER kinase (EIF2AK3/PERK) 
PERK responsible for the control of the rate of protein production on the 
cytoplasm and contributed to the unfold protein response (reviewed in Cullinan and 
Diehl 2006). PERK bears a stress-sensing ER luminal domain in the ER lumen 
connected by a transmembrane segment to a kinase domain in the cytoplasm side 
(Marciniak et al 2006). Without activation, PERK associated with the ER chaperone 
immunoglobulin binding protein (BiP) in the ER lumen (Bertolotti et al. 2000). Upon 
ER stress, possibly due to dissociation from BiP (Cullinan and Diehl 2006), PERK 
undergoes oligomerization and transautophosphorylation to activate its eIF2a kinase 
activities (Marciniak et al. 2006). Like the other eIF2a kinase, phosphorylation of 
eIF2a by PERK also leads to selective translation of ATF4 to activate gene 
expression to attenuate the ER stress (Shinohara et al. 2005; Whitney et al 2009). 
Apart from eIF2a, transcription factor Nrf2 was also found to be the substrate of 
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PERK (Cullinan et al 2003). Relocalization of Nrf2 from cytoplasm into nucleus 
under ER stress has been proven to be PERK dependent (Cullinan et al. 2003). 
Genes regulated by Nrf2 were involved in detoxification, protein folding and 
processing which are critical to remediate ER stress (Cullinan and Diehl 2006). 
PERK was also reported to be involved in the activation of NF-KB through the 
suppressing the translation of inhibitor of NF-KB (IKB: Deng et al 2004). 
1.2.4 General control non-repressible 2 (EIF2AK4/GCN2) 
The architecture of mice GCN2 is similar to its yeast counterpart including a 
N-terminal domain for the activation by GCNl, a degenerated kinase domain 
followed by a kinase domain, a histidyl tRNA synthetase-related domain for the 
binding of uncharged tRNA and a C-terminal domain for the binding of ribosome 
(Sood et al. 2000). Mammalian GCN2, likes its yeast counterpart, is also activated by 
uncharged tRNA upon the deprivation of amino acids to phosphorylated eIF2a 
(Zhang et al. 2002). GCN2 knockout mice lost the ability to reject imbalance diet 
suggesting GCN2 has participated in neuronal control of animal behaviour (Maurin 
et al 2005). Phosphorylation of eIF2a in UV-irradiated cells depends on GCN2 but 
not PKR and PERK (Deng et al 2002). However, phosphorylation of eIF2a upon 
UV-irradiation leads to NF-KB activation but not increase in A T F 4 (Jiang and Wek 
2005). In the same study, GCN2 was found unlike PKR that GCN2 did not involve in 
the phosphorylation of JNK and p38 (Deng et al. 2002). Under ER stress, 
phosphorylation can be observed in single knockout of PERK but not double 
knockout of PERK and GCN2 in fibroblasts suggested GCN2 is a redundant eIF2a 
kinase that participated in remediating ER stress (Hamanaka et al. 2005). Recently, it 
was found that GCN2 activated by leucine deprivation leads to the repression of 
hepatic lipogenesis and mobilization of adipose triglycerides in mice (Guo and 
Cavener 2007). It was suggested that such observation is the result of selective 
translation ofmRNA under the regulation of GCN2 (Towle 2007). 
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1.2.5 Activating transcription factor 4 (ATF4) 
ATF4 is a basic leucine zipper (bZIP) transcription factor. Translation of ATF4 
mRNA is also regulated by upstream open reading frames (uORFs) in the 5' leader 
sequence. Human and mice mRNA of ATF4 possesses two uORFs. The first uORFs 
encodes a polypeptide with 3 amino acids residue while the second uORFs 
overlapped with the ^rF^-coding sequence encodes 59 amino acids. Translation of 
uORF2 prevented the translation of ATF4-cod\xig sequence while translation of 
uORFl can repress this inhibition during starvation conditions (Vattem and Wek 
2004). Phosphorylation of eIF2a by anyone of the four eIF2a kinases in mammals 
can eventually leads to selective translation of ATF4. Elevation of ATF4 leads to the 
transcription of ATF3 and CHOP (CCAAT/enhancer-binding protein homologous 
protein) (Harding et al. 2000). ATF4, ATF3 and CHOP can form heterodimers with 
AP-1 and C/EBP family of proteins to regulate expression of vast number of genes 
for the remediation of stresses (Ameri and Harris 2008; Wek et al. 2006). Microarray 
analysis showed that ATF4 involved in regulating the expression of genes involved in 
translation, amino acid import and metabolism, redox or detoxification, transcription, 
signalling and some of the other functions (Harding et al 2003). ATF3 also increases 
the expression of GADD34 (Growth Arrest and Damage-Inducible Protein) which 
interacts with protein phosphatase I to dephosphorylate the phosphorylated eIF2a 
acting as a feedback control of the stress response (Connor et al. 2001; Jiang et al. 
2004). 
1.3 Plant General Amino Acid Control 
Previously, amino acid analog type herbicides treatment in A. thaliana induced 
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expression of genes involved in biosynthesis of certain amino acids in additional to 
the starved amino acid (Guyer et al 1995; Noutoshi et al 2005; Zhao et al. 1998). 
Such findings supported the notion that there is GAAC-like cross-pathway regulation 
in plants. This is further confirmed after the identification, cloning and 
characterization of GCN2 and the other GAAC components homologs in plant. 
1.3.1 Studies of the homolog of GCN2 in Arabidopsis thaliana 
GCN2 homolog in Arabidopsis thaliana (AtGCN2) has been cloned in 2003 and 
used to complement yeast gcn2 mutant (Zhang et al 2003). AtGCN2 is a 140kDa 
protein consisted of 1241 amino acid residues. It shared overall 30% identity with its 
yeast counterpart and 45% identity in the catalytic domain (Zhang et al. 2003). 
AtGCN2 consists of N-terminal domain, eIF2a kinase domain and the histidyl tRNA 
synthetase-related domain while the degenerated kinase domain of unknown function 
and the C-terminal domain for dimerization and ribosome binding were found 
missing (Figure 2) (Zhang et al. 2003). Later, AtGCN2 has been proven to be 
involved in the phosphorylation of eIF2a in A. thaliana through the study of 
AtGCN2 mutant (Zhang et al. 2008). In the same study, AtGCN2 mutant failed to 
demonstrate reprogramming of transcriptome by eIF2a phosphorylation. 
Nevertheless, direct enzyme-substrate relationship of AtGCN2 and eIF2a has not 
been proven as well. 
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Arabidopsis thaliana 
I 1-1 4M 819 1219 1241 
N-tenii Kinase doiuaiii His* rRNA Syii-Relnted cioinnia 
Saccharomyces cerevisiae 
1 丨.《3203 527 605 1062 14- 1659 
N-temi Deaeaeiafed kinase domain Kiiinse (Icuiwiii 
Hi.s tRNA Syn-Relnteti 
doiuniu -term 
Figure 2. Protein structures of GCN2. The diagram showed the protein structures 
of GCN2 from Arabidopsis thaliana (top) and GCN2 from Saccharomyces cerevisiae 
(bottom) (Zhang et al 2003). 
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1.3.2 Studies of the homolog of other eIF2a kinase in plant 
In additional to AtGCN2, a 70kDa dsRNA-dependent kinase (pPKR) from 
barley extract has been captured by dsRNA-agarose (Langland et al. 1995). This 
pPKR has been found associated with ribosome and its autophosphorylation has also 
been detected upon purification (Langland et al. 1995). Further study of this pPKR 
has proven its ability in phosphorylating both plant and mammalian eIF2a (Langland 
et al 1996). The pPKR cross reacts with monoclonal antiserum to the human PKR 
such that these two protein should shared sequence identity (Langland et al 1995). 
1.3.3 Studies of the homolog of other GAAC components 
An eIF2a that can complement yeast sui2 mutant {SUI2 encode eIF2a in yeast) 
and phosphorylated specifically at serine-51 in yeast has been cloned in wheat 
(Chang et al 1999; Chang et al 2000). This eIF2a was also found to be 
phosphorylated by human PKR and pPKR in vitro (Chang et al. 1999). However, 
truncated fragment of this eIF2a containing serine-51 but not the kinase docking 
residues (KGYID: Dhaliwal and Hoffman 2003) cannot be phosphorylated by the 
mentioned kinase (Chang et al. 1999). 
On the other hand, interaction between putative homologues of GCNl and 
GCN20 in A. thaliana has also been demonstrated using the yeast-two-hybrid system 
(Kato et al. 2004). Homologues of the interaction partners of yeast GCN4 such as 
GCN5, ADA has also been cloned in A. thaliana and maize (Bhat et al. 2004; 
Stockinger et al 2001). 
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Opaque-2 (Zm02) was a transcription factor in Zea mays (maize) which 
contains 3 uORFs (Figure 3) in the 5' leader sequence of its mRNA and regulated in 
the way like GCN4 in yeast (Lohmer et al 1993; Schmidt et al 1990). Zm02 
regulates a vast number of genes including the 22-kD a-zeins which contains no 
lysine residue (Schmidt et al 1990) and biofunctional lysine ketoglutarate 
reductase-saccaropine dehydrogenase which responsible for the degradation of lysine 
(Kemper et al. 1999). Mutation of Zm02 significantly increased lysine content 
(Mertz et al 1964) and free amino acid (Wang et al. 2001) in maize endosperm. 
Zm02 can functionally complement yeast gcn4 mutant (Mauri et al. 1993). 
Furthermore, Zm02 was found interacted with maize GCN5 and ADA2 homologues 
(Bhat et al 2004) and GCRE-like elements on the promoter regions a rice glutelin 
gene (Wu et al. 1998). This supported the notion that Zm02 could possibly be the 
functional analog of yeast GCN4 in plant. 
1.4 Previous works in our lab 
Previously, full length AtGCN2 has been cloned in our laboratory. Independent 
lines of transgenic Arabidopsis thaliana constitutively overexpressing AtGCN2 have 
also been constructed and selected (Ma 2004). 
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GCN4 
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u O R F l uORf2 " O R B 
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Figure 3. Upstream open reading frames of GCN4 of yeast, ATF4 of mammals 
and Opaque-2 of maize. Expression of these three transcription factors is controlled 
by upstream open reading frames (uORFs) in the 5' leader sequence of the mRNA 
(Hinnebusch 2005; Lohmer et al. 1993; Lu et al 2004). Arrows indicated uORFs and 
rectangular boxes represent the coding sequencing of the functional transcription 
factors. 
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1.5 Hypothesis and Objectives 
According to the above information, I hypothesize that AtGCN2 is an important 
regulator in the plant general amino acid control mediating the adaptation upon the 
amino acid starvation and other stresses. With different characteristics of yeast, 
mammals and plant, function and regulation of AtGCN2 would be somehow 
different from its counterparts. With the existing material available in our laboratory, 
this hypothesis was tested by i) biochemical study of AtGCN2 fusion proteins 
expressed in E coli and ii) characterization of the transgenic Arabidopsis thaliana 
constitutively overexpressing AtGCN2. 
Specific objectives of this study were to i) study the interaction between 
AtGCN2 and tRNA; ii) study the direct enzyme-substrate relationship between 
AtGCN2 and eIF2a candidates; iii) study the effect of AtGCN2 on protein translation 
in vitro and iv) study the effect of overexpressing AtGCN2 on gene expression and 
seed nitrogen content. 
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Chapter 2 Materials and Methods 
2.1 Materials 
2.1.1 Bacterial cultures, plant materials and vectors 
Unless stated otherwise, the Escherichia coli strain DH5a was used as the host 
for gene cloning and plasmid propagation. The Escherichia coli strain BL21 was 
used for fusion protein expression. Arabidopsis thaliana ecotype Columbia-0 was lab 
stock. Transgenic lines constitutively overexpressing AtGGN2 was previously 
produced (Ma 2004) by transforming a binary vector (Brears et al 1993) containing 
the cDNA clone of AtGCN2 downstream of a CaMV 35S promoter into Arabidopsis 
thaliana Columbia-0 using Agrobacterium mediated vacuum infiltration. Four 
independent homozygous transgenic lines containing single copy of the transgene 
were used in this project. Bacterial cultures, plant materials and vectors used in this 
project were listed in Table 1. 
18 
Table 1. Vectors, bacterial and yeast cultures, and plant materials 
Vector Descriptions Source/Reference 
pBlueScript II KS + Cloning vector 
Strategene, La Jolla, 
CA, U.S.A. 
pBlueScript II KS + 
/AtGCN2 
pBlueScript II KS (+) containing 
full-length coding sequencing of 
AtGCN2 
Lab stock (Ma 2004) 
pBlueScript II KS + 
/At5g05470 
(putative eIF2a) 
pBlueScript II KS (+) containing 




Maltose-binding protein fusion 
protein expression vector 
Gift from Dr. JX He 
(CUHK) 
pGEX-4T-l 
Glutathione S-transferase fusion 
protein expression vector 
Gift from Dr. BL Lim 
(HKU) 
pMAL-c2/GCN2C 








pMAL-c2 containing the 






pGEX-4T-l containing full-length 





pGEX-4T-l containing the 




Prey vector expressing activation 
domain for yeast two hybrid 
Clontech 
Laboratories, Inc, Palo 
Alto, CA, U.S.A. 
Strain Descriptions Source 
E. coli strain DH5a 
Untransfonned E. coli for 
transformation and cloning 
Lab stock 
E. coli strain BL21 E. coli for protein expression Lab stock 
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Line Descriptions Source 





Homozygous transgenic A. 






All primers listed were purchased from Invitrogen Corporation (Carlsbad, CA, USA) 
or Tech Dragon (Hong Kong SAR, PRC). 
Table 2. Primers 
T3 primer TCCAACCACGTCTTCAAAGC T3 sequencing 
primer 
T7 primer TCCAACCACGTCTTCAAAGC 丁7 sequencing 
primer 
HMOL622 TCCAACCACGTCTTCAAAGC V7 forward 
sequencing primer 
HMOL2040 AATGGGTCGCAGCAGTTCGA AtGCm 
sequencing primer 
HMOL2041 AAGAGCTCCTTTAGCTCCAAACAGAG AtGCN2 
sequencing primer 
HMOL2042 ATGGGTCGCAGCAGTTCG AtGCN2 
sequencing primer 
HMOL2043 GCAAAATCCTGTTCTGGT AtGCm i 1 
sequencing primer 
HMOL2044 GAGGACCTTTGGCTGATG AtGCN2 
sequencing primer 
HMOL2045 GCAGGGAGTTCAATGTTC AtGCNl 
sequencing primer 
HMOL2046 CTTTGAACTTTGGCATCC AtGCN2 
sequencing primer 
HMOL2047 ATGCTTGAACTATGCTATGAG AtGCm 
sequencing primer 
HMOL2048 ATCAAGCACTTCCTCGTTTA AtGCm 
sequencing primer 
HMOL2049 ACACCTGATCCAAGTCTTACT AtGCNl 
sequencing primer 
HMOL2777 GGTAACATTGTGCTCAGTGGTGG act2 & 8 real time 
forward primer 
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HMOL2778 AACGACCTTAATCTTCATGCTGC act2 & 8 real time 
reverse primer 
HMOL2914 TGATGCAAAATTCTTGAAGTG AtGCm 
sequencing primer 
HMOL5032 CCCGGGGACCAATACCAAGATATATGC AtGCN2 reverse 
cloning primer 
with Sma\ adaptor 
HMOL5167 CAGGCGGACTTTGACATTGTT AtGCNl real time 
forward primer 
HMOL5168 AGATCCGCGATGAAAGATGTG AtGCN2 real time 
reserve primer 
HMOL5169 ATAGCTGGTCATGCAACCGAAT AKHSD4 real time 
forward primer 
HMOL5170 CACGAGTTCCACTTCTCGG AKHSD4 real time 
reserve primer 
HMOL5171 AACGCAGTCTCTGAGGCATTG AKHSDl real time 
forward primer 
HMOL5172 CGACTGCAGCTAAGATGCTACAG AKHSDl real time 
reserve primer 
HMOL5175 TCTTCAATTCCCCTGTCCTAAGC DHPS2 real time 
forward primer 
HMOL5176 CTTTGGGAGAGACCCATTTCG DHPS2 real time 
reverse primer 
HMOL5179 GAGAGTAAATAAAGAGCCACTTTTTGC AtGCNl 
3'untranslated 
region (native) 
real time forward 
primer 
HMOL5180 TGCACATTAAGATTGTGAATGATCA AtGCm 
3'untranslated 
region (native) 
real time reserve 
primer 
HMOL5317 ATGGCGAATCCTGCTCCG At5g05470 
forward cloning 
primer 














HMOL5539 TCCGTGGTACAATGAGCAG ASN2 real time 
forward primer 
HMOL5540 GAGACGAGTCCAATCCTCC ASN2 real time 
reserve primer 
HMOL5565 AGATCTCGTCCGCACCTTC ASNl real time 
forward primer 
HMOL5566 CACGAGTTCCACTTCTCGG ASNl real time 
reserve primer 
HMOL5567 TCTGCTCAGTGCTAAAGACG NIAl (nitrate 
reductase 1) real 
time forward 
primer 
HMOL5568 GCACACGTTGGTCCTAATCC NIAl (nitrate 
reductase 1) real 
time reserve 
primer 
HMOL5793 GGGCTGGCAAGCCACGTTTGGTG 5' sequencing 
primer for 
pGEX-4T-l 
HMOL5794 CCGGGAGCTGCATGTGTCAGAGG 3' sequencing 
primer for 
pGEX-4T-l 



















HMOL6419 ACTAGTCGACGCAATCTTACTCGATGAT At2g40290 
reverse primer 
with Sail adaptor 
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2.1.3 Commercial kits 
Unless otherwise stated, commercial kits used in this project were listed in 
Appendix I. 
2.1.4 Buffer, solution, gel and medium 
Unless otherwise stated, buffer, solution, gel and medium used in this project 
were prepared according to the formulation listed in Appendix II. 
2.1.5 Chemicals, reagents and consumables 
Chemicals, reagents and consumables used in this project were listed in 
Appendix III. 
2.1.6 Enzymes 
Enzymes used in this project were listed in Appendix IV. 
2.1.7 Antibodies 
Antibodies used in this project were listed in Appendix V. 
2.1.8 Equipments and facilities 
All equipment and facilities used in this project were provided by Department of 
Biology, CUHK and were listed in Appendix VI. 
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2.2 Methods 
2.2.1. Growth conditions of Arabidopsis thaliana 
2.2.1.1 Surface sterilize of Arabidopsis thaliana seed 
The following steps were done in aseptic environment. Seeds of Arabidopsis 
thaliana were sterilized with Iml of bleach (6% sodium hypochlorite) in 1.5ml 
microcentrifuge tube with vigorous shaking for 3min. After spinning down and 
discarding the bleach, the seeds were washed with 1ml sterilized distilled water with 
vigorous shaking for 3 min. After repeating the washing steps for 3 times, the seeds 
were resuspended in 1ml sterilized distilled water and stored in 4°C, 2 days for 
imbibitions. 
2.2.1.2 Growing of Arabidopsis thaliana 
Sterilized seeds were sown on MS (Murashige and Skoog 1962) agar plates. 
Seeds were germinated in growth chamber with controlled environment (temperature 
22-24°C； relative humidity 70-80%; light intensity 80-120}aE of a 16hr light - 8hr 
dark cycle). After growing for 12 days on agar plates, the seeds were then transferred 
to soil for further growth (temperature 22-24°C ； relative humidity 70-80%; light 
intensity 80-120 fiE of a 16 hr light-8 hr dark cycle). The plants were supplemented 
with half MS solution without sucrose every week in a sub-irrigated manner. 
2.2.1.3 Treatment of Arabidopsis seedling 
Arabidopsis seedlings were allowed to growth for 11 days after imbibitions on 
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MS agar plates in growth chamber with controlled environment (temperature 
22-24°C； relative humidity 70-80%; light intensity 80-120|liE of a 16hr light - 8hr 
dark cycle). The seedlings were then transferred to new MS medium with or without 
treatment and allowed to growth for another 3-5 days depends on treatment. Samples 
were collected in the midday and immediately frozen with liquid nitrogen. Unused 
samples were stored in -80°C deep freezer. 
2.2.2 Basic molecular techniques 
2.2.2.1 Liquid culture of Escherichia coli 
E. coli cell was inoculated in LB broth with appropriate concentration of 
antibiotics. The culture was incubated at 37°C overnight with shaking at 180 rpm 
unless otherwise stated. 
2.2.2.2 Preparation ofplasmid DNA 
Plasmid DNA form E. coli culture was prepared with Wizard^"^ Plus Minipreps 
DNA Purification Systems (Promega Corporation, A7510) according to the 
manufacturer's instruction unless otherwise stated. 
2.2.2.3 Restriction digestion 
About 2-4|ag of DNA sample was mixed with IX appropriate restriction enzyme 
buffer (as recommended by the manufacturer of the restriction enzyme), 0.1^ig/|il 
BSA and 2-4U restriction enzyme in a 1,5ml microcentrifuge tube. Reaction mix was 
incubated at the recommended temperature for the restriction enzyme for 4hr to 
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overnight for complete digestion of the DNA. Reaction volume can be scaled up or 
down according to the actual need of the experiment. 
2.2.2.4 DNA purification 
DNA in solution was mixed with equal volume of 
phenol/chloroform/isoamylalcohol (PCI, 25:24:1). The mixture was centrifuged to 
separate the aqueous and organic phase. The aqueous phase was retained and mixed 
with equal volume of chloroform/isoamylalcohol (CI, 24:1). The mixture was 
centrifuged again to separate the aqueous and organic phase. The aqueous phase was 
mixed with 2 volume of absolute ethanol, one tenth volume of 3M sodium acetate pH 
5.2 and 0.5|al 20mg/ml glycogen. The mixture was centrifuged for 30min at 
maximum speed after incubated at -20°C for at least 30min. Supernatant was 
discarded after centrifugation. The DNA pellet was washed with 70% ethanol 
without dissolving. After centrifugation for lOmin, ethanol was discarded and the 
pellet was air dried. The pellet was then resuspended to its desired volume with 
deionized water. 
2.2.2.5 DNA gel electrophoresis 
DNA sample mixed with 6X bromophenol blue loading dye was loaded into 1% 
agarose gel containing IX TAE buffer and 1 fxg/ml ethidium bromide. The gel was 
run in IX TAE buffer at lOOV for various time depends on the size of the DNA 
fragment. The gel was documented with the GelDoc^'^ EQ system. 
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2.2.2.6 DNA ligation 
Restriction digested vectors and DNA fragments with compatible ends were 
mixed in a 10|al reaction containing 20U T4 DNA ligase, IX T4 DNA ligase buffer, 
0.1|ag/|Lil BSA and, 0.5mM ATP. The reaction was incubated for at least 4hr at 25°C 
for blunt-end ligation or 16°C for sticky-end ligation. 
2.2.2.7 CaCh mediated E. coli transformation 
Ligation product or about 0.01 昭 plasmid DNA was mixed with 100|il DH5a 
competent cells and incubated on ice for at least 15min. The cells were then 
subjected to heat shock at 42°C for 2min. Half of a millilitre LB broth was added to 
the cells immediately after heat shock. The cells was allowed to recovery at 37°C 
with shaking at ISOrpm for l-2hr. After that, the cell were spread on LB agar plate 
with appropriate antibiotic for selection of positive transformants. The agar was 
incubated at 37°C for overnight for the growth of the bacteria. 
2.2.2.8 Preparation of DNA fragment for cloning 
DNA fragments for cloning were amplified using the Advantage®2 Polymerase 
Mixes and PGR Kits (Clontech Laboratories, Inc., 639201) according to the 
manufacturer's instruction. The PGR was conducted in a 25|il reaction mix 
containing suitable amount of DNA template, IX Advantage®� PGR Buffer, 
0.20mM of each dNTP, 20|iM forward primer and reverse primer and 0.5X 
Advantage® 2 Polymerase Mix with a PGR profile: 94°C 5min, 30 cycles of 94�C 
15s, suitable annealing template for 15s and extension at 68°C appropriate time 
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according to the length of amplicon followed by final extension at 68°C lOmin. PGR 
product was analyzed by DNA gel electrophoresis according to section 2.2.2.5 to 
assure desire PGR product was produced. PCR product was then purified using the 
High Pure PCR Product Purification Kit (Roche, 117326680001) according to the 
manufacturer's instruction. 
2.2.2.9 PCR reaction for screening positive E. coli transformants 
Reaction was carried out in 20^1 reaction mix containing -template, IX Green 
GoTaq® Flexi buffer, 0.2|iM of each primer, 1.5mM MgCh and lU GoTaq® Flexi 
DNA Polymerase (Promega, M8295). The PCR profile was as follow: 9 4 f o r 5min, 
30 cycles of [94°C for 30s，optimum annealing temperature for primers for 30s，72 
"C for l-5min depends on the length of the amplicon], 7 2 l O m i n . PCR product 
was analyzed by DNA gel electrophoresis according to section 2.2.2.5. 
2.2.2.10 DNA sequencing 
About 200ng of DNA template was mixed with 2|xl Ready Reaction Mix from 
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, 4337455), 1^1 
5X BigDye Terminator v3.1 Sequencing buffer and 0.16|liM primer. Cycle 
sequencing was carried out with the following profile: 94°C for 5min, 25 cycles of 
[96°C for 10s, 50°C for 5s and 60°C 4min]. The reaction product was purified with 
ethanol precipitation by adding 2.5 volume of absolute ethanol, 1/10 volume of 3M 
sodium acetate pH 5.2 and 0.5[i\ lOmg/ml glycogen. The mixtures were kept at -20°C 
for 30min and then centrifuged for 30min. Supernatant was discarded after 
centrifugation. The DNA pellet was washed with 70% ethanol without dissolving. 
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After centrifugation for 1 Omin, ethanol was discard and the pellet was air dried. The 
pellet was resuspended with 12.5|j,l hi-diformamide before loading on a optical plate 
and was then denatured at 95 °C for 2min. The sequence was read by the ABI 
PRISM® 3100 Genetic Analyzer. 
2.2.2.11 RNA extraction from plant tissue with tRNA 
Plant RNA extraction protocol was modified from a standard protocol (Ausubel 
et al 1995). Around Ig of plant material was frozen with liquid nitrogen immediately 
upon harvest. The frozen sample was ground in liquid nitrogen. Ten millilitre of PCI 
(25:24:1) and 10ml of extraction buffer was added to the ground tissue accordingly 
and then shaken well. After centrifugation in 50ml centrifuge tube at 4°C, SOOOrpm, 
the aqueous layer was retained and mixed with equal volume of CI (24:1). Aqueous 
layer was again retained after centrifugation at 4°C, SOOOrpm. The solution was then 
mixed with 2 volumes of absolute ethanol and 1/10 volume of 3M sodium acetate pH 
5.2. The mixtures was stored at -20°C overnight to precipitate the nucleic acid. After 
precipitation overnight, the solution was centrifuged at 4°C, SOOOrpm to pellet the 
nucleic acid. After removing the supernatant, the pellet was resuspended in 70% 
ethanol and transferred to 1.5ml microcentrifuge tube. The nucleic acid was pelleted 
again by centrifugation at maximum speed. The pellet was air dried after the removal 
of supernatant. The pellet was finally resuspended with DEPC-H2O to the desired 
concentration. 
2.2.2.12 Extraction of RNA without tRNA 
Plant RNA extraction protocol was modified from a standard protocol (Ausubel 
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et al 1995). Around Ig of plant material was frozen with liquid nitrogen immediately 
upon harvest. The frozen sample was ground in liquid nitrogen. Ten millilitre of PCI 
(25:24:1) and 10ml of extraction buffer was added to the ground tissue accordingly 
and then shaken well. After centrifugation in 50ml centrifuge tube at 4°C，SOOOrpm, 
the aqueous layer was retained and mixed with equal volume of CI (24:1). Aqueous 
layer was again retained after centrifugation at 4°C, SOOOrpm. The solution was then 
mixed with 2 volumes of absolute ethanol and 1/10 volume of 3M sodium acetate pH 
5.2. The mixtures was stored at -20°C overnight to precipitate the nucleic acid. After 
precipitation overnight, the solution was centrifuged at 4°C, SOOOrpm to pellet the 
nucleic acid. After removing the supernatant, the pellet was resuspended in 1ml 3M 
sodium acetate pH 5.6 and transferred to 1.5ml microcentrifuge tube. The nucleic 
acid was pelleted again by centrifugation at maximum speed. After removal of the 
supernatant, the pellet was resuspended again in 3M sodium acetate pH 5.6. After 
centrifugation and removal of supernatant, this time, the pellet was resuspended in 
0.4 ml sodium acetate pH 5.6. After that, 1ml of absolute ethanol was added and the 
mixture was incubate at -20°C another night. The nucleic acid was pelleted again by 
centrifugation at maximum speed. The pellet was air dried after the removal of 
supernatant. The pellet was finally resuspended with DEPC-H2O to the desired 
concentration. 
2.2.2.13 cDNA synthesis 
cDNA was synthesized using SUPERSCRIPT'^'^ III RNase H, Reverse 
Transcriptase (Invitrogen, 18080-85) according to the manufacturer's instructions. 
Five micrograms of total RNA without tRNA were first treated with DNase I at 24°C 
for 60 min to remove genomic DNA. Contamination of genomic DNA in the treated 
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sample was detected by PGR using primers amplifying act in. Treated RNA without 
contamination of genomic DNA was used to synthesize cDNA using 18-mer 
oligo-dT and SUPERSCRIPT™ III RNase H, Reverse Transcriptase at 50�C for 2 hr. 
Half of the reaction product was diluted to 20-fold for gene cloning or gene 
expression analysis. The remaining reaction product was store in -80°C for future 
use. 
2.2.2.14 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
Protein samples were mixed with 5X sample loading buffer in 4:1 ratio. Then 
the samples were boiled for 1 Omin. After cooling to room temperature, the samples 
were loaded on SDS-PAGE and were run at 30mA till the dye front reach the bottom 
of the gel. The gel was either stained with brilliant blue G250 stain or subjected to 
Western blotting. 
2.2.2.15 Western blotting 
Protein on SDS-PAGE was blotted on methanol activated PVDF membrane 
using mini trans-blot module with Dunn's buffer (Dunn 1986) at 55V for 90min. 
Membrane was washed with TBST for 2min. After that, the membrane was 
immersed in blocking solution (either BSA blocking or skim milk blocking solution) 
overnight at 4°C. Then, the membrane was incubated with suitable concentration of 
primary antibody diluted with blocking solution for at least Ihr with gentle shaking. 
After washing 4 times with TBST each for lOmin, the membrane was incubated with 
suitable concentration of secondary antibody diluted with blocking solution for at 
least half an hour with gentle shaking. After washing 4 times with TBST each for 
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1 Omin, the membrane was either detected with Sigmafast BCIP/NBT substrate 
(chromogenic) (Sigma，B5655-25TAB) for alkaline phosphatase (AP) conjugated 
secondary antibody or ECL advance substrate (chemiluminescence to be detected 
with X-ray film) (GE Healthcare Life Sciences, RPN2135) for horseradish 
peroxidase conjugated secondary antibody. 
2.2.3 Sub-cloning of AtGCN2 
Full length cDNA clone of AtGCN2 has previously been cloned in our 
laboratory. However, the molecular weight of AtGCN2 was large (�120kDa). 
Expression of large protein with high AT content in E. coli would usually result in 
low expression level and large amount of truncated proteins (Matambo et al. 2004). 
Therefore, the clone was divided into two parts for expression to reduce the size of 
the expressed proteins. Schematic diagram for the dissection was shown in Figure 4. 
Fragment GCN2N (residue 1-960) contains N-terminal domain, the kinase domain 
and a small portion of histidyl tRNA synthetase-related domain. As mentioned in 
section 1.1, the C-terminal of AtGCN2 regulated the kinase domain by binding to it. 
Without the C-terminal, GCN2N maybe somehow deregulated that can 
phosphorylate the eIF2a without inhibition. Fragment GCN2C (residue 959-1241) 
contains the large portion of the histidyl tRNA synthetase-related domain which 
responsible for the binding of uncharged tRNA. GCN2FL is the full length construct 
of AtGCN2. In additional to make ease of the expression and purification of AtGCN2 
proteins, maltose binding protein which give extra solubility to the expressed protein 
(Kapust and Waugh 1999) was also adopted. 
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Figure 4. Schematic diagram of the dissection of AtGCN2 for the in vitro assay. 
GCN2N refers to the N-terminal fragment of AtGCN2 (residue 1-960). GCN2C 
refers to the C-terminal fragment of AtGCN2 (residue 959-1241). GCN2FL is the 
full length of AtGCN2. 
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2.2.3.1 Sub-cloning full length AtGCN2 into pMAL-c2 
Full length AtGCN2 was cloned into pMAL-c2 as shown in Figure 5. Full 
length sequence of AtGCN2 was amplified from pBlueScript KS II +/AtGCN2 (Lab 
stock). The PGR was conducted according section 2.2.2.8 using pBlueScript 
KSll+/AtGCN2 as template, oligo HMOL6352 as forward primer, HMOL5032 as 
reverse primer. Annealing was carried out at 68°C together with the extension step in 
the PGR profile while 4min was set as the time for extension. The purified PGR 
product was digested with EcoRl (NEB EcoRl buffer at 37°C) and Smal (NEBuffer 4 
at 25°C) in standard restriction digestion reactions (as section 2.2.2.3) sequentially. 
The digested PCR product was ligated to EcoRl and Smal linearized pGEX-4T-l in a 
standard ligation reaction as mentioned in section 2.2.2.6 to obtain 
pGEX-4T-l/GCN2FL. pGEX-4T-l/GCN2FL was further digested with EcoRl and 
Sail. The released GCN2FL fragment was then ligated to linearized pMAL-c2 to 
obtain pMAL-c2/GCN2FL. Sequence, reading frame and orientation of the clone 
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Figure 5. Figure illustrating the strategy for cloning the full length AtGCN2 into 
pMAL-c2. 
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2.2.3.2 Sub-cloning of the N-terminal sequence of AtGCN2 into pMAL-c2 
Strategy for sub-cloning the N-terminal sequence of AtGCN2 into pMAL-c2 
was illustrated in Figure 6. DNA sequence of the N-terminal of AtGCN2 was 
released from pMAL-c2/GCN2FL using EcoRl and BamUl (as section 2.2.2.3). The 
released fragment was ligated to EcoRl and BamUl digested pMAL-c2 as mentioned 
in section 2.2.2.6 to obtain pMAL-c2/GCN2N. Sequence and reading frame of the 
clone was confirmed by DNA sequencing according to section 2.2.2.10. 
2.2.3.3 Sub-cloning of the C-terminal sequence of AtGCN2 into pMAL-c2 
Strategy for sub-cloning the C-terminal sequence of AtGCN2 into pMAL-c2 
was illustrated in Figure 7. DNA sequence of the C-terminal of AtGCN2 was 
released from pMAL-c2/GCN2FL using BamHl and Sail (as section 2.2.2.3). The 
released fragment was ligated to BamHl and Sail digested pMAL-c2 as mentioned in 
section 2.2.2.6 to obtain pMAL-c2/GCN2C. Sequence and reading frame of the clone 
was confirmed by DNA sequencing according to section 2.2.2.10. 
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Figure 6. Figure illustrating the strategy for cloning the N-terminal sequence of 
AtGCN2 into pMAL-c2. 
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Figure 7. Figure illustrating the strategy for cloning the C-terminal sequence of 
AtGCN2 into pMAL-c2. 
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2.2.4 Cloning of the eIF2a candidates for the in vitro assay 
Glutathione-S-transferase was used as fusion tag for the eIF2a candidates such 
that the fusion proteins of eIF2a candidates can be distinguished from MBP tagged 
AtGCN2 fusion proteins in the Western blot analysis. 
2.2.4.1 Cloning ofAt2g40290 (putative eIF2a candidate) 
Strategy for cloning the At2g40290 into pGEX-4T-l was illustrated in Figure 8. 
Full-length coding sequence of At2g40290 (putative eIF2a candidate) was amplified 
from cDNA prepared from Col-0 at vegetative stage. The PGR was conducted 
according reaction listed in section 2.2.2.8 using 3|il 10-fold diluted cDNA, oligo 
HMOL5597 as forward primer and HMOL5688 as reverse primer. Annealing 
temperature was 60°C while the extension time was Imin. The purified PGR product 
was digested with EcoRl and Sail (NEB EcoRl buffer at 37°C) in standard restriction 
digestion reactions as mentioned in section 2.2.2.3. The digested PGR product was 
ligated to EcoRl and Sail linearized pGEX-4T-l in a standard ligation reaction 
(refers to section 2.2.2.6) to obtain pGEX-4T-1 /At2g40290. Sequence and reading 
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Figure 8. Figure illustrating the strategy for cloning the full length At2g40290 
into pGEX-4T-l. 
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2.2.4.2 Cloning ofAt5g05470 (putative eIF2a candidate) into pBlueScriptKSII + 
Full-length coding sequence of At5g05470 (putative eIF2(x candidate) was 
amplified from cDNA prepared from ColO at vegetative stage. The PGR was 
conducted according to section 2.2.2.8 using 3|j.l 10-fold diluted cDNA, oligo 
HMOL5317 as forward primer and HMOL 5418 as reverse primer. Annealing 
temperature was 60°C and extension time is l.Smin. The purified PGR product was 
ligated to T-vector in a standard ligation reaction (refers to section 2.2.2.6) to form 
pBlueScript KS II +/At5g05470. Sequence and orientation of the clone was 
confirmed by DNA sequencing according to section 2.2.2.10. 
2.2.4.3 Sub-cloning of At5g05470 (putative eIF2a candidate) into pGEX-4T-l 
Strategy for cloning the At5g05470 into pGEX-4T-l was illustrated in Figure 9. 
At5g05470 full length coding sequencing was excised from pBlueScript KS II 
+/At5g05470 in a standard restriction digestion reaction using Xmal and Xhol with 
NEBuffer 4 at 37°C according to section 2.2.2.3. The completely digested DNA was 
purified with gene clean procedure as section 2.2.2.4. The At5g05470 fragment was 
ligated to Xmal and Xhol linearized pGEX-4T-l in a standard ligation reaction as 
mentioned in section 2.2.2.6 to obtain pGEX-4T-1 /At5g05470. Sequence and reading 
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Figure 9: Figure illustrating the strategy for cloning the full length At5g05470 
into pGEX-4T-l. 
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2.2.5 Expression and purification of fusion proteins 
2.2.5.1 Expression of fusion proteins in E. coli 
Expression vectors containing the fusion constructs were transformed in to E. 
coli strain BL21 by calcium chloride mediated transformation. Transformed cell was 
cultivated in 10 ml LB medium supplemented ampicillin as starter culture at 37°C 
with 200rpm shaking overnight. One millilitre overnight starter culture was added to 
49 ml fresh ampicillin containing LB medium. The culture was then incubated at 37 
°C with 200rpm until ODeoo reach 0.6. One micromolar of IPTG was added to the 
culture for inducing the protein expression. The culture was then incubated at 16°C 
with 200 rpm for 24hr. The cell was harvested by centrifugation at 8000g for lOmin. 
After removing the culture medium, the cell was resuspended in 1ml wash buffer for 
protein purification. 
2.2.5.2 Extraction of E. coli soluble proteins 
Bacterial cells prepared in 2.2.4.1 were spun down at 16000g for Imin. After 
supernatant was removed, the cell pellet was resuspended in 1ml wash buffer 
containing ImM PMSF，1 |ag/ml leupeptin and 0.1|ig/ml lysozyme. The cells were 
incubated on ice for 30min. Then the cells were subjected to 4 freeze/thaw cycles in 
liquid nitrogen and warm water bath (~50°C). The disrupted cells were centrifuged at 
maximum for lOmin to remove insoluble material. Supernatant was retained for 
purification. 
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2.2.5.3 Purification of GST tagged fusion protein 
Purification of GST tagged fusion proteins was done using GST SpinTrap 
Purification Module (GE Healthcare Life Sciences, 27-45470-03) according to 
manufacturer's instruction except wash buffer was used instead of PBS. Aliquot of 
5 III purified protein was run on gel for verification. 
2.2.5.4 Purification of MBP tagged fusion protein 
Purification of MBP tagged fusion proteins was done using SpinClean™ MBP 
Excellose® Spin kit (Mbiotech, 23050) according to manufacturer's instruction. 
Aliquot of 5^1 purified protein was run on gel for verification. 
2.2.5.5 Concentration of purified fusion proteins 
Since the concentrations of purified MBP-GCN2N and MBP-GCN2FL were 
low, the proteins were further concentrated using Nanosep Devices 10k (Pall 
Corporation, OD010C34). To equilibrate the Nanosep Devices, 400)il wash buffer 
was added to the column. The column was centrifuged at 13000g for Imin. After 
discarding the flow through, sample was added to the column. The column was 
centrifuged at 13000g for 5-15min until the volume of the sample reduced to 
1/8-1/10 of the original volume. Aliquot of 2|il purified protein was run on gel for 
verification. 
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2.2.5.6 MS/MS verification of purified fusion proteins 
Bands of interest were excise from SDS-PAGE stained with brilliant blue stain 
and sliced into small pieces in a microcentrifuge tube. Two hundred microlitre of 
acetonitrile (ACN) was added to the microcentrifuge tube and aspirated after 10s. 
This step was repeated 3 times to dehydrate the gel slices. The gel was further dried 
in a SpeedVac for 5min. The gel slices were rehydrated with 7^1 40ng/jil trypsin on 
ice for 30min. After 10|j,l 25mM sodium bicarbonate solution was added to the gel 
slices and mixed, the tube was incubate at 30°C overnight for the digestion of the 
protein. On the next day, the tube was sonicate for lOmin to dissolve the protein. 
After centrifugation at maximum speed for 1 Omin，the supernatant was retained and 
dot on MALDI plate twice, each 0.4|il. After coated with matrix, the spot was 
analysis with Applied Biosystems 4700 Proteomics Analyzer. 
2.2.6 Gel mobility shift assay 
2.2.6.1 Synthesis of short biotinylated RNA 
Short single stranded biotin-labelled RNA is produced by in vitro transcription 
of the multi-cloning site of Not\ digested pBlueScript KS 11+ vector. One microgram 
of pBlueScript KS 11+ was linearized with Not\ in a 20|al reaction mix containing IX 
NEBuffer 3, 0.1|ig/}il BSA at 37°Cfor 12hr. Completed digested vector was purified 
with traditional gene clean procedure. The purified DNA was resuspended in 20^1 
deionized water. In vitro transcription of the short RNA was done with RiboMAX^^ 
Large Scale RNA Production System-T7 (Promega Corporation, PI280) according to 
the manufacturer's instructions. A 20|il reaction mix containing Ijig linearized DNA 
template, IX T7 transcription buffer, 7.5^M rNTPs (ATP, Bio-14-CTP (Invitrogen, 
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19519-016), GTP and UTP) and 2|il T7 enzyme mix was incubated at 37°C for 4 hr. 
2.2.6.2 Ligation of short biotinylated RNAwith tRNA 
Ligation of the short biotinylated RNA with tRNA was carried out using T4 
RNA ligase (NEB, M0204S) according to manufacturer's instructions in a 10|il 
reaction containing lOj^g tRNA, l|xl short biotinylated RNA, 2U RNasin 
Ribonuclease Inhibitor (Promega, N2511)，IX T4 RNA ligase 1 buffer and 20U T4 
RNA ligase 1 at 25 °C overnight. The ligation product was diluted 20-fold with gel 
mobility shift assay buffer before use. 
2.2.6.3 Gel mobility shift assay 
Gel mobility shift assay was carried out according 3 established protocols 
(Dong et al 2000; Li et al 2004; Rodgers et al. 2000) with modification. Fifty 
nanograms of biotin-labelled tRNA was mixed with protein, lOU RNasin 
Ribonuclease Inhibitor (Promega, N2511) and with or without competitor RNA in a 
20|il assay mixture. The mixture was incubated on ice for 30min. After that, 2|il of 
6X nucleic acid loading buffer was added to the assay mixture and the whole assay 
mixture was loaded on 1% agarose gel containing only IX MOPS. The gel was 
resolved in IX MOPS buffer at lOOV for 2 hr. 
2.2.6.4 Blotting of the sample on to nitrocellulose membrane 
RNA and protein on the gel was transferred to supported nitrocellulose 
membrane by capillary action with lOX SSC for 16 hours. The membrane was then 
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fixed by UV crosslinking (250kJ) and rinsed with DEPC-H2O. 
2.2.6.5 Detection of the tRNA on the membrane 
The membrane was incubated with BSA blocking solution with gentle shaking 
for at least Ihr. After that, the membrane was probed with 1:100000 Precision Protein 
STREPTACTIN-HRP (Bio-Rad, 161-0381) diluted with BSA blocking solution. 
After washing 4 times with TEST, each for lOmin, tRNA on the membrane was 
detected with ECL Advance Substrate using X-ray film. 
2.2.6.6 Detection of the MBP fusion proteins on the membrane 
After detected the position of the biotinylated tRNA on the membrane, the 
membrane was washed with TEST for lOmin with gentle shaking. Then the MBP 
fusion proteins on the membrane were detected by Western blotting procedure listed 
in section 2.2.2.15. Skim milk blocking solution, 1:10000 anti-MBP antibody, 
1:10000 anti-mouse AP conjugated antibody and BCIP/NBT (Sigma, B5655-25TAB) 
substrate were used. 
2.2.7 In vitro kinase assay of AtGCN2 
In vitro kinase assay was done according to Chang's protocol (Chang et al. 1999) 
with modifications. Two microlitres of elution buffer, MBP control or AtGCN2 
fragments were mixed in a 20|il reactions containing 8^1 of the two putative eIF2a 
candidates (either GST-At2g40290 or GST-At5g05470), IX kinase buffer and 2U 
RNasin Ribonuclease Inhibitor. The reaction mixes were incubated in 25°C for 2hr. 
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Four hundred microlitre of wash buffer was added to each reaction. The whole 
diluted reaction mix was added to a wash buffer equilibrated Nanosep Device 10k, 
and centrifuged for about 2-5min till the reaction volume was reduced to 20|al. The 
desalted mixture was mixed with Sp-l 5X sample buffer and boiled for 1 Omin. The 
boiled samples were run on SDS-PAGE and undergone Western blotting as 
mentioned in section 2.2.2.14 and 2.2.2.15. Phosphorylated eIF2a was detected with 
BSA blocking solution, 1:2500 anti-phosphorylated eIF2a antibody, 1:10000 
anti-rabbit AP conjugated antibody and BCIP/NBT substrate were used. Total GST 
fusion protein was detected with skim milk blocking solution, 1:10000 anti-GST 
antibody, 1:100000 anti-rabbit HRP conjugated antibody and ECL Advance substrate 
were used. 
2.2.8 In vitro translation inhibition assay 
The in vitro translation inhibition assay was inspired by a protein synthesis 
assay (Krishna et al. 1997). However, instead of using rabbit reticulocyte lysates, 
wheat germ extract was used for providing plant base translation machinery and 
sample protein dot blot was used to detect the amount of protein produced instead of 
detecting the C'"^  labelled leucine incorporated in protein. 
2.2.8.1 In vitro transcription of HA mRNA 
Three micrograms of pGADT7-Rec was linearized with Smal in a 50|j.l reaction 
mix containing IX NEBuffer 4，0.1昭尔1 BSA at 25X： for 12hr. Completed digested 
vector was purified with traditional gene clean procedure. The purified DNA was 
resuspended in 50|al deionized water. In vitro transcription of the HA tag mRNA was 
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done with RiboMAX^^ Large Scale RNA Production System-T7 according to the 
manufacturer's instructions. A 50^1 reaction mix containing 2.5|xg linearized DNA 
template, IX T7 transcription buffer, 7.5^M rNTPs (ATP, CTP, GTP and UTP) and 
5|il T7 enzyme mix was incubated at 37°C for 4hr. The reaction mix was then 
incubated with 2.5|j,g DNase at 37°C for 15min to remove the DNA template. The 
RNA was purified with gene clean and the RNA was resuspended in 50|xl 
DEPC-H2O. Unused was stored in -80"C deep freezer. 
2.2.8.2 In vitro translation 
In vitro translation was done using Wheat Germ Extract from Promega 
Cooperation (L4380) according to manufacturer's instructions. Four microlitres of 
MBP elution buffer, MBP or MBP-GCN2FL was added to a 20^1 reaction containing 
12.5|il wheat germ extract, Ijil ImM amino acid mixtures without methionine, l|xl 
ImM amino acid mixtures without leucine, 1.75^1 IM potassium acetate, lOU 
RNasin Ribonuclease Inhibitor. The reaction mixes were incubated at 25°C for 
1 Omin. After adding 1 |il HA tag mRNA, the reaction mixes were incubated at 25°C 
for 2hr. One microlitre of translation product from each reaction was collected every 
lOmin and dotted on nitrocellulose membrane. 
2.2.8.3 Detection of the protein dot blot 
Dot blot was carried out according to the dot blot protocol of Abeam pic. with 
some modifications. After collecting all the translation products in 2hr, the 
membrane was air dried. The membrane was then incubated in 5% skim milk 
blocking solution overnight. Then the membrane was incubated with 1:10000 
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anti-HA tag antibody in 2.5% skim milk blocking solution for Ihr with gentle 
shaking. After that, the membrane was washed with TEST 4 times, each lOmin with 
gentle shaking. The membrane was further incubated with 1:100000 anti-rabbit IgG, 
HRP-linked whole antibody in 2.5% skim milk blocking solution for Ihr with gentle 
shaking. After washing with TBST 4 times, each lOmin with gentle shaking, 
detection was carried out using substrate from ECL Advance Western Blot Detection 
kit (GE Healthcare Life Sciences, RPN2135) and signal was captured with 
Lumi-Imager. 
2.2.9 Gene expression analysis by real time PCR 
Primers for real time PCR were designed by Primer Express® software v2.0 
from Applied Biosystems. Real time PCR was carried out in 96-wells PCR plate with 
dome cap. Reaction was carried out in 20|il reaction mixture containing 6|xl 20-fold 
diluted cDNA for sample analysis or deionized water for no template control (NTC), 
10|al iQ™ SYBR Green Supermix (Bio-Rad Laboratories, 170-8882), 0.15|aM each 
of the forward and reverse primers. Four replicates for all samples were set 
independently and at least three consistent data was used for analysis. Expression of 
housekeeping gene act2 and actS (Czechowski et al. 2005) was used to normalize the 
amount of each cDNA added. Relative gene expression was calculated using the 
mathematical model described by Pfaffl (Pfaffl 2001). 
/ 、么 Ct^ r^get (control—sample) 
r a如= l ^ t a r g e t j 
(E ^ ^ ^ t^ar ggtt ( c o ntro i - samp 1 e) 
where E is the amplification efficiency of primers (see Appendix VIII). 
52 
2.2.10 Total seed nitrogen analysis 
About O.lg seed from 4 individual plants were mixed and air dried. The seed 
was then ground with pestle and mortar into fine powder. Total nitrogen content 
analysis was done in the Biology Department of the Hong Kong Baptist University 
by the technician of the Prof. Zhang, Jianhua. The analysis was done using the Perkin 
Elmer 2400 CHN analyzer according to the manufacturer's instructions. About 
0.2mg sample was analyzed each time and triplicate analysis were done for each 
sample. 
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Chapter 3 Results 
3.1 Blast search results suggested that AtGCN2 may be the sole eIF2a kinase in 
Arabidopsis thaliana 
The standard protein-protein Basic Local Alignment Search Tool (blastp) 
program (Altschul et al 1990) available in http://blast.ncbi.nlm.nih.gov/Blast.cgi 
was used to search for homolog of eIF2a kinase in Arabidopsis thaliana or Homo 
sapiens (Human). AtGCN2 (accession number: NP一191500.2) was used as the query 
in a search limited to human protein database while the four eIF2a kinases (EIF2AKs) 
as mentioned in section 1.2 were used as queries in searches limited to A. thaliana 
protein database. The tops two hits using the four EIF2AKs from human as queries 
sequences to search A. thaliana proteins were simply AtGCN2. While on the other 
hand, searching AtGCN2 in human simply obtained all the EIF2AKs in the first 31 
hits in addition to two histidyl-tRNA synthetases without other proteins. 
Results of the blast search were listed in Table 3. Basically only the top 3 hits 
for each search were listed unless specified. The similarities of the EIF2AKs with 
AtGCN2 mainly occurred in the kinase domain (431^ -^719 '^^  amino acid residues for 
AtGCN2). In this region, the identities were usually higher than 30% up to 50%. The 
third hit in the search of EIF2AK1 was the MAPKKK7, EIF2AK2 was the ATNEKl, 
EIF2AK3 was the ATNEK2 and for EIF2AK4 was the histidyl-tRNA synthetase. 
There are seven family members of NEK (NIMA-related kinases) in Arabidopsis 
thaliana (AtNEKl-7: Vigneault et al. 2007). NEK proteins in animals and fungi were 
involved in cell cycle transition (Vigneault et al. 2007). On the other hand, 
Arabidopsis MAPKKK7 (or MAP3K epsilon 1) has been shown to be required for 
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pollen viability and may be involved in cell-cycle exit pathway (Chaiwongsar et al. 
2006). No line of evidence showing NEKs and MAPKKK7 are involved in eIF2a 
phosphorylation. It is very reasonable that histidyl-tRNA synthetase was found, as 
EIF2AK4 is the human GCN2 homologue containing a histidyl tRNA 
synthetase-related domain with very high sequence similarity to the histidyl-tRNA 
synthetase for the binding of uncharged tRNA (Dong et al. 2000), 
On the other hand, in the search using AtGCN2 as query sequence, the 
occurrence of two histidyl-tRNA synthetases in the results can also be simply 
explained by the histidyl tRNA synthetase-related domain on the C-terminal of 
AtGCN2 as mentioned. 
The above results revealed that, regardless human or Arabidopsis, all the eIF2a 
kinases shared certain similarity in the kinase domain which cannot be achieved by 
other proteins. This similarity may have given the kinases the specificity toward 
eIF2a. More importantly, whatever human's eIF2a kinase was used as query, 
AtGCN2 simply occupied the top hit in the search. No other A. thaliana protein 
could give such high similarity in the kinase domain and the other regulatory region. 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2 Existence of two eIF2a candidates in Arabidopsis thaliana genome 
The suggested direct substrate of AtGCN2 is the eIF2a. Two putative candidates 
of eIF2a can be found in Genbank. They have the locus tag At2g40290 and 
At5g05470 respectively. At2g40290 encoded a protein with 344 amino acid residues 
which showed 51% identities with the yeast homolog. At5g05470 encoded also a 
protein with 344 amino acid residues which showed 50% identities with the yeast 
homolog. The two proteins themselves showed 83% identities. According to the 
bioinformatics predication of localization (Table 4) (PSORT: Nakai and Horton 1999; 
WoLFPSORT: Horton et al. 2006; Bendtsen et al. 2004; MITOPROT: Claros and 
Vincens 1996; PTSl predictor: Neuberger et al. 2003a; b), the two proteins are likely 
to localize to the cytoplasm. 
Table 4. Predication of the localization of the two eIF2a candidates. 






















WoLFPSORT cy to : 7 .0 
cysk : 6 .0 
cy to : 8 .0 
c y s k : 5 .0 
http://wolfpsort.org/ 
SignalP3.0 Non-secretory protein 
No signal peptide 
Non-secretory protein 
No signal peptide 
http://www.cbs.dtu.dk/serv 
ices/SignalP/ 
MITOPROT Probability of export 
to mitochondria: 
0.0301 




PTSl predictor No targeted to 
peroxisome 
No targeted to 
peroxisome 
http://mendel.imp.ac.at/me 
ndeljsp/sat/pts 1 /PTS1 predi 
ctor.jsp 
The functions of the two eIF2a in A. thaliana are yet proven and the predicted 
localization of the protein gave little clue to the exact function of the proteins. 
Searching eIF2a in rice genome also obtained two putative candidates. Multiple 
alignment of protein sequence of eIF2a from different species (Fig. 10) showed that 
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the two candidates we considered have high homology with the others especially the 
sequence (SELSpRRRIRS) around the phosphorylation site (Fig. 10, letters in box). 
While on the other hand, 4 residues for kinase binding (Fig. 10, letters in green) 
(Dhaliwal and Hoffman 2003; Marchler-Bauer et al. 2007) are also conserved in the 
two sequences which showed the possibility that both clones are the substrates of 
certain kinase. Both candidates also consisted of 4 conserved residues (Fig. 10, 
letters in blue) for eIF2B binding (Dhaliwal and Hoffman 2003) which are essential 
for the exchange of GDP on eIF2y (one of the subunit of eIF2 in additional to a and P) 
with GTP for the initiation of translation (Marchler-Bauer et al. 2007). 
Phosphorylated eIF2a acts as the competitive inhibitor for this guanine nucleotide 
exchange process. 
Phosphorylation of eIF2a is AtGCN2 dependent (Zhang et al. 2008). 
Nevertheless, no one knew which one of the eIF2a candidates is/are being 
phosphorylated as the phosphorylated eIF2a specific antibody they used for detection 
cannot distinguish between the phosphorylated forms of the two eIF2a candidates 
due to high sequence similarity. Whether both candidates can be phosphorylated by 
AtGCN2 and whether AtGCN2 can directly phosphorylate them were still unknown. 
Therefore, the cDNA clones of the two candidates have been cloned in this work and 
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Figure 10. Multiple alignment of eIF2a from different species. Sequences of 
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A. thaliana (At2g40290 and At5g05470) and Oryza sativa (0s03g0296400 and 
0s07g0692800) were aligned using Clustal W Application (Thompson et al. 1994) 
embedded in BioEdit Sequence Alignment Editor version 7.0.9.0 (Hall 1999). Serine 
for GCN2 phosphorylation was indicated in red. Highly conserved sequence around 
the phosphorylation site was boxed. Residues highlighted in green were the 
conserved residues for kinase interaction (Dhaliwal and Hoffman 2003; 
Marchler-Bauer et al. 2007). Residues highlighted in blue were the conserved 
residues for eIF2B interaction (Dhaliwal and Hoffman 2003). “*，’ means that the 
residues in the column are identical in all sequences in the alignment; ":" means that 
conserved substitution have been observed; “.” means that semi-conserved 
substitutions are observed. 
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3.3 Fusion proteins were successfully expressed and purified 
GST only, GST-At2g40290, GST-At5g05470, MBP only, MBP-GCN2C, 
MBP-GCN2N and MBP-GCN2FL fusion proteins were successfully expressed and 
purified as mentioned in section 2.2.5. Figure 11 showed a SDS-PAGE of the 
purified proteins. All proteins showed dominant band with correct molecular weight 
except MBP-GCN2N and MBP-GCN2FL. For MBP-GCN2N and MBP-GCN2FL, 
the molecular weights of the highest band were the same as the calculated molecular 
weight of the fusion protein. Major bands from these two purified proteins were 
excised and analyzed with MS/MS according to section 2.2.5.6 and were found to be 
identical to AtGCN2 and MBP (refer to Table 5). The proteins of smaller molecular 
weights should be the immature translated protein during protein synthesis due to 
difference in codon usage in heterologus expression system and relatively high AT 
content (-60% for AtGCN2) of the gene (Matambo et al. 2004). Since all the visible 
fragments of the expressed MBP-GCN2FL were almost overlapped with the 
fragments of the expressed MBP-GCN2N, MBP-GCN2N was used as one of the 
control in the kinase assay to illustrate that the fragments would not affect the 
outcome. Therefore, the small fragments were not removed so as to reduce the 






Figure 11. SDS-PAGE of purified fusion proteins. Purified proteins were run in 
10% SDS-PAGE and stained with coomassie brilliant blue stain. Lane A: Precision 
Plus Dual Color Protein prestained standards; Lane B: GST only ( � 2 7 kDa); Lane C: 
GST-At2g40290 (-67 kDa); Lane D: GST-At5g05470 ( � 6 7 kDa); Lane E: MBP only 
(-50 kDa); Lane F: MBP-GCN2C (-75 kDa); Lane G: MBP-GCN2N (-140 kDa) 
and Lane H: MBP-GCN2FL ( � 1 9 0 kDa). Numbers indicated the bands excised for 
MS/MS analysis and results were listed in Table 5. 
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Table 5. Table showing the MS/MS results of the purified proteins. 
B a n d 
n u m b e r 
Protein N a m e 
( R a n k 1) 
Accession No. Pep. 




Score C . I . % 
1 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 35 590 100 
2 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 20 489 100 
3 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 19 411 100 
4 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 20 292 100 
5 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 19 385 100 
6 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 17 487 100 
7 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 21 519 100 
8 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 25 466 100 
9 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 25 350 100 
10 Protein kinase family 
protein [Arabidopsis 
thaliana] 
gi|30694992 18 258 100 
11 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 18 339 100 
12 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 19 399 100 
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13 MBPfusion [Expression 
vector pAT224] 
gi|37575412 17 422 100 
14 Maltose binding 
protein-lacZ alpha 
peptide fusion protein 
precursor [Shuttle 
vector pMAL-pIII] 
gi|2623823 18 498 100 
Remarks: Protein kinase family protein {Arabidopsis thaliana] gi|30694992: referrec 
to AtGCN2 
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3.4 C-terminal of AtGCN2 has a higher affinity toward tRNA than rRNA 
To analyze the binding properties of AtGCN2 towards tRNA, the C-terminal of 
AtGCN2 (GCN2C) containing the histidyl tRNA synthetase-related domain was 
fused to MBP tag for gel mobility shift assay. Gel mobility shift assay was carried 
out according to Dong's protocol (Dong et al 2000) with modification as mentioned 
in section 2.2.6. 
C-terminal of AtGCN2 was used in this gel mobility shift experiment as it 
consisted of the histidyl tRNA synthetase-related domain which is responsible for the 
binding of tRNA. 
In the experiment, it was found that the MBP-GCN2C fusion protein (~75kDa) 
bound biotin-labeled wheat germ tRNA in a dose depend manner (Fig. 12A). In the 
same experiment, no retardation of tRNA was observed in buffer only (negative) 
control, BSA control and MBP only control. This showed that, the retardation of 
tRNA was caused by the C-terminal of AtGCN2 but not the gel matrix (negative 
control), blockage of gel matrix by inert protein of similar molecular weight (BSA 
control,�67kDa) and the MBP tag (MBP control). In the following competition 
experiment (Fig. 12B), 10-fold unlabeled tRNA can half the signal of the labeled 
tRNA while 30-fold unlabeled tRNA can completely quench the signal of the labeled 
tRNA meaning that tRNA itself can bind to the fusion protein which is not due to the 
biotin-labeling. Further experiment using total A. thaliana RNA as competitor (Fig. 
12C) showed that total RNA was less effective than tRNA in quenching out the 
signal of the labeled tRNA. The slightly decreased signal can be explained by the 
present of small amount of tRNA in the total RNA and weak non-specific binding of 
the fusion protein towards high concentration of ribonucleic acids. 
In further experiment (Fig. 12D), 11-day old wild type A. thaliana Col-0 
seedlings were transferred to new growth medium with or without nitrogen source 
and allowed to growth for five days to deplete the nitrogen and amino acids storage 
in the treated seedlings under the conditions mentioned in section 2.2.1.3. Total RNA 
with tRNA was extracted from the treatment plant according to section 2.2.2.11. It 
was found that total RNA from nitrogen starved plant can quench the signal of 
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labeled tRNA more efficiently than did the total RNA from non-starved plant. It was 
probably because AtGCN2 selectively bound to the accumulated uncharged tRNA in 
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Figure 12. C-terminal of AtGCN2 binds to tRNA in gel shift assay to a larger 
extent than to total RNA. -ve: buffer only negative control; BSA: BSA control; 
MBP: MBP only control and MBP-GCN2C: MBP fusion of AtGCN2 C-terminal. (A) 
No retardation of labeled tRNA in the negative, BSA and MBP control. More labeled 
tRNA was detected when the amount of MBP-GCN2C increase. The lowest panel 
showed the quantitation of protein in a SDS-PAGE stained with coomassie brilliant 
blue. (B) Fixed amount of MBP-GCN2C was added while different amount of 
unlabeled tRNA was added as competitor with the labeled tRNA. Increasing amount 
of unlabeled tRNA will quench out the signal of the labeled tRNA more efficiently 
meaning that the binding of tRNA to AtGCN2 is not due to the biotin on the tRNA. 
(C) Fixed amount of MBP-GCN2C was added while different amount of unlabeled 
Arabidopsis total RNA was added as competitor. Total RNA extracted from 16 
day-old wild type A. thaliana seedling according to section 2.2.2.11 can slightly 
quench out the signal of the labeled tRNA. It may be due to the present of small 
amount of tRNA in the total RNA and non-specific binding of AtGCN2 to a high 
concentration of ribonucleic acid. (D) Total RNA from nitrogen starved plant can 
quench the signal of labeled tRNA more efficiently than that from non-starved plant. 
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3.5 Both eIF2a candidates can be phosphorylated by full length AtGCN2 in vitro 
The most direct way to determine the function of AtGCN2 as a kinase was to 
determine its kinase activity toward its putative substrates. Previously, though 
Zhang's group has proven in planta that phosphorylation of eIF2a was AtGCN2 
dependent via knockout mutant characterization (Zhang et al 2008) as mentioned in 
section 1.3, since the phosphorylated eIF2a specific antibody they used to serve this 
purpose cannot distinguish between phosphorylated forms of the two eIF2a 
candidates in the A. thaliana genome due to the highly conserved sequence around 
the phosphorylation site, whether AtGCN2 can directly phosphorylated eIF2a and 
which of the eIF2a candidates is/are the substrate of AtGCN2 are still unknown. 
To test this, in vitro kinase assay has been performed according to Chang's 
kinase assay protocol with modifications (Chang et al. 1999) as described in section 
2.2.7. Either eIF2a candidates was mixed with MBP only, MBP AtGCN2 C-terminal 
fusion protein, MBP AtGCN2 N-terminal fusion protein or MBP AtGCN2 full length 
fusion protein in the presence of ATP in the reaction mixes. The same source of 
antibody used by Zhang's group specific to phosphorylated serine-56 of both eIF2a 
candidates (refer to Appendix V) was used in the Western blot detection. No signal 
can be detected in the reactions containing MBP, MBP-GCN2C and MBP-GCN2N 
(Fig. 13). However, phosphorylation of both eIF2a candidates at serine-56 can be 
detected in the reactions containing MBP tagged full length AtGCN2. This suggested 
that, a full length AtGCN2 protein was essential to phosphorylate the eIF2a 
candidates. 
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Figure 13. Both eIF2a can only be phosphorylated by full-length AtGCN2 in 
vitro. In vitro, the GST tagged two eIF2a candidates were mixed with different 
fragments of MBP tagged AtGCN2. The proteins were resolved by SDS-PAGE and 
detected by Western blot using phosphorylated eIF2a specific antibody. Signals can 
only be detected in the reaction containing full-length AtGCN2. Phosphorylated form 
of both candidates can be detected. Lower panel showed the total amount of eIF2a 
detected by anti GST antibody. GCN2C: AtGCN2 C-terminal fragment; GCN2N: 
AtGCN2 N-terminal fragment containing kinase domain; GCN2FL: full-length 
AtGCN2. 
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3.6 AtGCN2 can inhibit translation in vitro 
To analyze the effect of AtGCN2 on translation as consequence of the 
phosphorylation of eIF2a, in vitro translation inhibition assay coupled with protein 
dot blot was done. The design of the assay was inspired by a protein synthesis 
experiment (Krishna et al. 1997), which studied the effect of the wheat germ binary 
complex eIF2 • [^H]GDP on the rabbit reticulocyte lysate translation system. Since 
AtGCN2 from A. thaliana was the focus of study in this experiment, wheat germ 
extract instead of rabbit reticulocyte lysate was used to provide a complete plant 
based translation machinery (Anderson et al. 1983) including the necessary 
trans-acting factors for AtGCN2 to act on. On the other hand, a simple protein dot 
blot was used in substitution of the detection of the C " labelled leucine incorporated 
in the newly translated protein modified from the dot blot protocol of Abeam pic. as 
described in section 2,2.8. 
Amount of translation product of HA mRNA was managed at lOmin intervals 
by protein dot blot using anti-HA tag antibody. Addition of MBP-GCN2FL to wheat 
germ extract can inhibit the in vitro translation of HA tag mRNA. This was not 
happened when MBP protein was added to the wheat germ extract compared with the 
buffer only control, showing that the inhibition was caused by AtGCN2 specifically. 
The effect became the most prominent after the 120th minute (Fig. 14) while the 
signal of the buffer only and MBP control became saturated. Repeat has been done 
and put at Figure A2 in Appendix VII. 
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Figure 14. Full length AtGCN2 inhibited in vitro translation of HA mRNA. Wash 
buffer, MBP protein or MBP tagged AtGCN2 full length fusion protein was added to 
a wheat germ extract translation reaction translating HA tag mRNA. Amount of 
translation product of HA mRNA was managed at 1 Omin intervals by protein dot blot 
using anti-HA tag antibody. It is obvious that the signal of HA protein was the 
weakest in the reaction containing MBP-GCN2FL throughout the experiment 
compared with the buffer only and MBP only control. 
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3.7 Overexpression of AtGCN2 did not affect expression of selected genes 
In yeast and mammals, the consequence of translation inhibition by GCN2 was 
the selective translation of a transcription factor which leads to a reprogramming of 
transcriptome especially those genes involved in amino acid metabolism 
(Hinnebusch 2005; Wek et al. 2006). 
Expressions of selected genes involved in amino acid biosynthesis were 
analyzed. Eleven-day old seedling of wild type A. thaiiana Col-0 and transgenic lines 
overexpressing AtGCN2 under the control of constitutive CaMV 35S promoter were 
transferred to growth medium containing no nitrogen source or 10|iM azaserine and 
allowed to growth for 3 days under the conditions mentioned in section 2.2.1.3. RNA 
was extracted from the treated plant according to section 2.2.2.12 for producing 
cDNA for real time PGR analysis as mentioned in section 2,2.9. Expression of 
housekeeping gene act2 and act8 (Czechowski et al 2005) was used to normalize the 
amount of each cDNA added. Amplification efficiencies of the primers were shown 
in Appendix VIII Figure A4. Nitrogen is the sole raw material of amino acids while 
azaserine is an antagonist of glutamine synthase that inhibits the incorporation of 
nitrogen into amino acids. Genes for gene expression analysis were selected 
according to their likelihood that they were regulated by AtGCN2 pathway. ASNl 
(Fig. 15C) and ASN2 (Fig. 15D) encoding asparagine synthetase for asparagine 
biosynthesis and nitrogen transportation were selected as they have been proven to 
be regulated by GCN4 (Yang et al 2000) in yeast and ATF4 (Siu et al. 2002) in 
mammals. GCRE-like elements have been found in ASNl (Natarajan et al. 2001) and 
TSBl (Last et al 1991) (Fig. 151) encoding tryptophan synthase beta-subunit for 
tryptophan biosynthesis. NIAl (Fig. 15G) encodes nitrate reductase for nitrogen 
assimilation which is essential for the production of amino acid. AKHSDl, AKHSD4 
and DHPS2 encode key enzymes for the biosynthesis of lysine which is one of the 
essential amino acids. AKHSDl (Fig. 15E) and AKHSD4 (Fig. 15F) encode aspartate 
kinase/homoserine dehydrogenase for methionine and threonine biosynthesis; 
DHPS2 (Fig. 15H) encodes dihydrodipicolinic acid synthase for lysine biosynthesis. 
Expression of native AtGCN2 (Fig. 15B) in transgenic lines was detected by 
amplifying the 3’ untranslated region of the native mRNA which is absent in the 
transgene mRNA. 
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The expression of AtGCN2 in the three transgenic lines under both untreated 
and treated conditions was much higher than that of the wild type. The expression 
levels of AtGCN2 in the three transgenic lines were different. The expression of 
native AtGCN2 was found slightly decreased in all lines under nitrogen starvation 
conditions (Fig. 15B1) while nearly a 1.5-fold induction in native AtGCN2 
expression was observed in both wild type and transgenic lines under azaserine 
treated conditions (Fig. 15B2). Such phenomenon suggested that AtGCN2 is induced 
when there is a demand on organic nitrogen (amino acids) while it is inhibited when 
there is a starvation of inorganic nitrogen which was consistent with the observation 
in yeast (Grundmann et al. 2001). It was consistent with previous study in our 
laboratory that expression of native AtGCN2 was elevated by azaserine treatment 
(Chiao 2006) and the fact that yeast GCN2 was also under transcriptional control 
(Roussou et al 1988). Furthermore, there was a super induction of total AtGCN2 
transcript in the 3 AtGCN2 overexpressors. However, the small increase of native 
AtGCN2 transcript cannot account for the drastic increase of AtGCN2 expression in 
azaserine treated conditions (Fig 15A2). Previously in our laboratory, it was found 
that gene under the control of constitutive CaMV 35S promoter can be induced by 
stress (data not shown). This may account for the drastic increase of AtGCN2 
transgene under azaserine treatment. And this also indicated that the azaserine 
treatment was successful, as it really imposed stress on the treated plant. 
On the other hand, expression of was previously found to be inhibited in 
low concentration of ammonium (Wong et al. 2004) while NIAl was found 
down-regulated under N-limiting conditions (Kant et al 2008). Reduction of the 
expression NIAl (Fig. 15G1) and ASN2 (Fig. 15D1) under nitrogen starvation can 
also indicated the success of the treatment. 
Except J57W (Fig. 15C) and AKHSD4 (Fig. 15F) showed a consistence 1.5-fold 
increase of gene expression in transgenic line in untreated condition, there was no 
significant difference between wild type and transgenic lines under any of the 
treatment conditions. The differences observed are either less than 1.5-fold or 
inconsistent between the transgenic lines. The genes are not affected by 
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Figure 15. Gene expression analysis of nitrogen starved or azaserine treated A. 
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thaliana seedling overexpressing AtGCN2. Eleven day-old seedlings were 
transferred to and allowed to grow on treatment plates for 3 days. Expression of 
selected genes was analyzed with real time PGR. Relative gene expression was 
calculated using the mathematical model described by Pfaffl (Pfaffl 2001). Gene 
expression of untreated ColO was set to 1 for comparison. Amplification efficiency of 
the primers were also tested and attached in Appendix VIII Figure A4. Panel A-Il 
showed the gene expression of untreated plant (open bar) and nitrogen starved plant 
(open square). Panel A-I2 showed the gene expression of untreated plant (open bar) 
and azaserine treated plant (open square). ASNl and ASN2: mRNA encoding of 
asparagine synthetases; AKHSDl and AKHSD4: encoding biofunctional enzyme 
aspartate kinase/homoserine dehydorgenases; NIAI: encoding nitrogen reductase 1; 
DHPS2: encoding dihydrodipicolinic acid synthase; TBSl: encoding tryptophan 
synthase beta-subunit. 
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3.8 Overexpression of AtGCN2 did not affect seed nitrogen content and C:N 
ratio under normal growth conditions 
Instead of studying the instant gene expression, the nitrogen content of the 
ultimate sink of flowering plant, the seed, was studied. With manipulation of putative 
nitrogen sensing system, seed nitrogen content and carbon: nitrogen (C:N) ratio may 
have been altered. The organic nitrogen and carbon content of seed from three 
AtGCN2 overexpressors and wild type Col-0 grown in normal growth conditions 
were analyzed as mentioned in section 2.2.9. There was no significant difference 
between the seed nitrogen content and C:N ratio of overexpressors compared with 
those of wild type Col-0 (Fig 16). Small differences existed between lines rather than 
caused by transgene. The overexpression of the gene did not impose advantage in 
seed nitrogen filling under normal growth conditions. Biological repeat has been 









Seed nitrogen content and C:N ratio in AtGCNZ 
overexpressors 
Figure 16. Overexpression of AtGCN2 in Arabidopsis thaliana did not affect the 
seed organic nitrogen content and C:N ratio. W ild type ColO and transgenic 
Arabidopsis constitutively overexpressing AtGCN2 were grown under normal growth 
conditions for seed collection. Organic nitrogen and carbon content were analyzed. 
Open bar: organic nitrogen content (% dry weight); Line with open square: C:N 
ratio. ColO: wild type Columbia-0; GCN2-A, GCN2-5 and GCN2-8: overexpressors 
oiAtGCNl. 
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Chapter 4 Discussion 
Plants are very different from yeast and animals. Plants are multicellular 
organisms performing division of labour in the cellular level. They are sessile that 
they cannot actively "hunt" for nutrients. However, they are able to produce all the 
essential amino acids with its ancient endosymbiotic partner (Alberts et al. 2002), the 
chloroplast. During the evolution, living organisms from different kingdoms have 
inherited many wise surviving strategies from their common ancestors. Yet, fine 
tuning of these strategies has been done so as to suit individual needs. The eIF2a 
kinase system would be a good example to evidence the evolution. There is only one 
eIF2a kinase (GCN2), which response to amino acid starvation, found in yeast 
(Hinnebusch and Natarajan 2002) while there are four (EIF2AKs), which response to 
different stimulus (HRI/EIF2AK1 to Heme deprivation; PKR/EIF2AK2 to dsRNA 
arise from viral infection; PERK/EIF2AK3 to ER stress; GCN2/EIF2AK4 to nutrient 
limitation), found in mammals (Wek et al 2006). Details of these EIF2AKs were 
reviewed in section 1.2. AtGCN2 was the eIF2a kinase cloned in plant. Studying the 
AtGCN2 would allow us to understand how plant adopted this pathway from its 
ancestors to cope with the environmental stress especially under nutritional stress. 
4.1 Existing evidence supported that AtGCN2 is the sole eIF2a kinase in 
Arabidopsis thaliana 
Like animals，plants also need to encounter different stress like ER stress (Liu et 
al. 2007), viral infections (Levy et al. 2008) and nutritional stress (Gaude et al. 2007; 
Richard-Molard et al. 2008). Therefore, it is interesting to investigate whether plant, 
like the mammals, bear the other eIF2a kinases that corresponding to different 
stresses. In the blast search in section 3.1，when searching in the Arabidopsis protein 
database, AtGCN2 always occupied the top hit whatever human EIF2AK was 
entered as query sequence. Though other kinases were found in the result, they 
shared lower similarities to the queried EIF2AKs. This suggested that, except GCN2, 
sequence homolog of the other three mammalian EIF2AKs was not likely to exist in 
A. thaliana. 
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On the other hand, as mentioned in section 1.3.2，a 70kDa EIF2AK2 (human 
PKR)-like dsRNA binding eIF2a kinase from barley extract (pPKR) was previously 
captured by dsRNA-agarose-resin (Langland et al. 1995; Langland et al. 1996) 
which can phosphorylate plant eIF2a. However, the identity of this dsRNA 
dependent eIF2a kinase remained controversial as the gene encoding this kinase has 
never been identified and cloned while no one has ever tried to sequence the protein 
for further study. Furthermore, the molecular weight of this protein was very 
different from the cloned AtGCN2 (~120kDa) that it is quite impossible to be a 
homologue of AtGCN2. Since autoradiography has been used to detect the 
phosphorylation of eIF2a by pPKR (Langland et al. 1996)，one cannot confirm that 
this pPKR can phosphorylate eIF2a at the desired serine (homologous to serine-51 of 
yeast eIF2a). Together with the fact that this pPKR phosphorylate also histone 
(Langland et al. 1995) and multiple bands were usually detected in the 
phosphorylation assay of eIF2a (Langland et al. 1996), the mentioned pPKR could 
be a non-specific kinase. Yet we cannot tell whether it is an experimental artefact or 
not. Nevertheless, it is still possible that there may be other eIF2a kinase in plant 
which is completely different from the known eIF2a kinases in yeast and mammals. 
Though, except GCN2, other eIF2a kinase may not exist in plant, plant has 
already inherited and evolved different system to cope with different environmental 
stresses. For example, the unfold protein response is used to cope with ER stress 
(Vitale and Boston 2008), different phytohormones is used as signalling molecules to 
relay disease response (van Wees et al. 2000) and cytokinin His-Asp phosphorelay 
system to mediate nitrogen replenishment signal from root to leaf (Li and Lam 2008). 
With the roles in certain stress responses being taken up by other system, GCN2 
homolog in plant may have been evolved in a way that its biological roles maybe 
very different from those of yeast and mammals. Thus, it is very important to study 
AtGCN2 from the basic so as to understand whether it is regulated and function in a 
way that similar to the others. 
4.2 Kinase activities of AtGCN2 and its two substrates in Arabidopsis 
eIF2a is the direct substrate of eIF2a kinase. Phosphorylation of eIF2a resulted 
in inhibition of global translation and reprogramming of transciptomes in yeast 
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(Hinnebusch 2005; Li and Lam 2008). The existence of two eIF2a that can be 
phosphorylated by eIF2a kinase has never been reported before. However, two eIF2a 
candidates have found in both Arabidopsis and rice genome (Fig. 4). As reported in 
section 3.2, multiple alignments of different eIF2a suggested that the eIF2a from 
Arabidopsis and rice contain conserved serine residue for phosphorylation (serine-56 
for the candidates of Arabidopsis) and residues for eIF2B and kinase interaction (Fig. 
4) (Dhaliwal and Hoffman 2003; Marchler-Bauer et al 2007). 
In this project, the serine-56 of the two eIF2a found in Arabidopsis have also 
been proven to be the substrates of full length AtGCN2 in the in vitro kinase assay 
(Fig. 13) while the C-terminal fusion and N-terminal fusion cannot. Surprisingly, 
without the C-terminal, the AtGCN2 N-terminal containing the deregulated kinase 
domain cannot phosphorylate the eIF2a after a prolonged reaction time (2 hours). 
However, the inability of the N-terminal fusion to phosphorylate eIF2a was just good 
enough to work as a negative control of the assay because the truncated fragments of 
the MBP-GCN2N were overlapped with those of the MBP-GCNFL. It is not amazing 
that both eIF2a candidates can be phosphorylated by AtGCN2 in vitro since they 
shared high identities (51% for At2g40290 and 50% for At5g05470 with yeast eIF2a) 
with their yeast and human counterparts especially in the region around the serine to 
be phosphorylated (perfect match). Previous in planta experiment using AtGCN2 
knockout mutant (Zhang et al 2008) has already proven phosphorylation of eIF2a is 
AtGCN2 dependent, yet the existence of two eIF2a candidates has never been come 
across. According to the sequence alignment in the publication, what Zhang's group 
has considered was only At5g05470 (Zhang et al 2008). 
It is an interesting question why there are two eIF2a in plant. The duplication of 
the gene seemed to occur before the evolution of monocot (rice) and dicot 
(Arabidopsis). It is not rare for gene member having redundancy in functions, like 
the AHPs (Arabidopsis histidine-phosphotransfer protein) involved in the cytokinins 
His-Asp phosphorelay (Li and Lam 2008). However, genes encoding the nitrate 
reductases {NIAl and NIA2) were found to be regulated very differently even their 
functions are somehow overlapped (Yu et al 1998). Defect in a single gene may 
sometime be destructive. However, the defect can sometime be compensated by the 
redundant genes. Therefore，redundancy of genes is a protective measure against 
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single gene mutation. Whether the two eIF2a candidates are redundant or not will 
still need to be further investigated. For example, study of their expression pattern 
will allow us to understand how these genes are expressed in different developmental 
stages and under different treatment conditions. Study of protein-protein interaction 
of these proteins with other proteins allows us to explore the regulatory proteins and 
downstream targets. Study the phenotype of the knockout mutants will also provide 
clues of the physiological pathways they involved. Recent study showed that 
Arabidopsis eIF2a is phosphorylated under chlorsulfuron, 8-azaadenine, UV 
irradiation, wounding, cold shock, 1 -aminocyclopropane-1 -carboxylic acid, 
salicylic acid and methyl jasmonate treatments (Lageix et al 2008), whether these 
two eIF2a are differentially phosphorylated can be studied in the knockout mutant. 
4.3 C-terminal binds tRNA in the gel mobility shift assay 
In the yeast system, deacylated tRNA and the kinase domain of GCN2 compete 
for the histidyl tRNA synthetase-related domain on the C-terminal of GCN2 such 
that in the absent of deacylated tRNA, the histidyl tRNA synthetase-related domain 
will mask the kinase domain which inhibits its kinase activity (Dong et al. 2000). On 
the contrary, in the presence of deacylated tRNA, histidyl tRNA synthetase-related 
domain will bind to the deacylated tRNA so as to release the kinase domain for the 
phosphorylation of eIF2a. 
It is important to test whether AtGCN2 is regulated by the binding of tRNA or 
not. The first step to test this is to test whether AtGCN2 has the ability to bind tRNA. 
Gel mobility shift assay has been performed to test this. Instead of using full length 
AtGCN2 fusion and the N-terminal fusion, C-terminal fusion was chosen because it 
bore a large portion of histidyl tRNA synthetase-related domain which supposed to 
be responsible for the binding of tRNA. 
In the gel mobility shift assay described in section 3.4，the MBP fusion of the 
C-terminal of AtGCN2 (amino acid residue 959-1241) can bind to wheat germ tRNA. 
The C-terminal fusion contains a large portion of histidyl tRNA synthetase-related 
domain which shared high homology to the histidyl tRNA synthetase (Dong et al. 
2000). Instead of traditional radioactive labelled nucleic acid, biotin-labelled wheat 
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germ tRNA was used to ease the pain of handling radioactive isotope. Unlabelled 
tRNA can completely quench the signal of the biotin-labelled tRNA suggesting that 
the binding of C-terminal to nucleic acid was specific to tRNA but not rRNA and 
mRNA (Figure 12B). The fragment (amino acid residues 959-1241) used in the assay 
was shorter than the defined histidyl tRNA synthetase-related domain (amino acid 
residues 819-1241) (Zhang et al 2003). This suggested that not the whole defined 
domain, but the fragment used in this assay is already sufficient to interact with 
tRNA. On the other hand, small quenching effect has been observed while total RNA 
from Arabidopsis under normal growth conditions (Figure 12C) was used. It was 
probably due to the existence of small amount of uncharged tRNA in the total RNA 
or unspecific binding of the fusion protein toward high concentration of ribonucleic 
acid. 
In the further study, total RNA extracted from Arabidopsis grown under normal 
or nitrogen starved conditions were used as competitors in to gel mobility shift assay. 
Nitrogen starvation of plant can lead to significant reduction of free amino acids 
(Giorgi et al 2009; Lemaitre et al 2008), thus leads to the accumulation of 
uncharged tRNA. Total RNA from nitrogen starved plant had a stronger quenching 
effect than that from normal grown plant, suggesting that the C-terminal fusion of 
AtGCN2 has a high affinity toward the uncharged tRNA accumulated in the nitrogen 
starved plant. This further elucidated that like yeast and mammals, uncharged tRNA 
accumulated during nitrogen starvation conditions would probably bind to AtGCN2 
which is essential to activate its kinase activities. 
As mentioned before, the C-terminal of yeast GCN2 bind the kinase domain 
under non-starved conditions to inactivate the kinase activity (Dong et al 2000). 
However, surprisingly, without the C-terminal, the deregulated kinase domain 
containing AtGCN2 N-terminal cannot phosphorylate the eIF2a after a prolonged 
reaction time. At the same time, the C-terminal of AtGCN2 was found to be tRNA 
binding in the gel mobility shift assay. Such findings suggested that the C-terminal 
has played an important role in the folding of kinase domain, regulating the kinase or 
somehow participated in the phosphorylation reaction. Nonetheless, how it 
contributes to the activity of the kinase will be left for further studies. 
89 
4.4 Overexpression of AtGCN2 did not affect gene expression of the transgenic 
lines under nitrogen starvation and azaserine treatment. 
Amino acid starvation triggered reprogramming of transcriptome through GCN2 
in yeast (Hinnebusch 2005). Study gene expression under starved conditions would 
allow us to search for the target genes of the pathway as well as obtaining clues of 
the cis-acting elements on the promoter of the target genes. For non-legume plant, 
nitrate has to be first reduced to nitrite and then ammonium before it can be 
assimilated into amino acid. Ammonium will first be incorporated into glutamate to 
form glutamine by glutamine synthetase. Glutamine and a 2-oxoglutarate molecule 
will be catalyzed to form two glutamate by glutamate synthase (GOGAT). This is the 
entry point of nitrogen into the plant metabolic pathway and the nitrogen 
incorporated will be used to synthesize the other amino acids. Azaserine is a 
glutamine analog which specifically inhibits GOGAT (Esposito et al 2003). On the 
other hand, nitrogen as the main constituent of amino acid, deficiency of nitrogen 
would significantly decrease cellular free amino acid (Giorgi et al. 2009; Lemaitre et 
al. 2008). Thus, nitrogen starvation and azaserine treatment were used to mimic the 
effect of inorganic and organic nitrogen starvation in this study. 
Down-regulation of ASN2 and NIAl (Fig 15D2 and 15G1) showed that the 
treated plants were deficient in nitrogen (Kant et al. 2008; Wong et al. 2004) while 
according to our previous study, stress caused super induction of expression of gene 
driven by CaMV 35S promoter. The significant induction of AtGCN2 transgene in 
the overexpressors treated with azaserine suggested that the treated plants were under 
the stress of azaserine. 
According to the result (Fig 15)，there was no significant difference between the 
AtGCN2 overexpressors and the wild type Col-0 in gene expression under nitrogen 
starvation conditions and azaserine treatment. The genes analyzed included the target 
of GCN4 in yeast and ATF4 in mammals, genes containing GCRE-like motif in the 
promoter region and genes encoding key enzymes for the biosynthesis of essential 
amino acids (refer to section 3.7). Expression of 12 genes (three overlapped with this 
study) was also found independent of AtGCN2 in the study of AtGCN2 knockout 
mutant (Zhang et al. 2008). Both gain of function and loss of function approach 
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came to the same conclusion that AtGCN2 does not participate in transcription 
control of those marker genes in nitrogen metabolism. This result postulates that 
AtGCN2 may participate in other biological pathway and regulate genes which have 
not been studied in this study. This finding suggested some. difference of GCN2 
among yeast, plant and mammals. Identification of differentially translated 
transcription factor through proteomics will be one way to identify the downstream 
target. The identification of differentially translated protein will be discussed below 
in section 4.7. 
It is also possible that, the nitrogen starvation and azaserine treatment did not 
favour the expression of the transcription factor. Upon nitrogen starvation, 
phosphorylation of eIF2a could be detected in yeast. However, under the same 
condition, GCN4 could not be detected unlike the case of amino acid starvation 
(Grundmann et al. 2001). With unknown mechanism, the selective translation of 
GCN4 under the eIF2a phosphorylated conditions was suppressed by nitrogen 
limitation. It is possible that, under nitrogen starvation condition, de novo synthesis 
of amino acids become unfavourable. Therefore, translation of GCN4 was 
suppressed by other signalling pathway. It may be the same while nitrogen starvation 
and azaserine treatment were applied to mimic amino acid starvation in A. thaliana 
in this study. GS/GOGAT cycle occupied a very upstream position of nitrogen 
assimilation while nitrogen starvation completely removed the supply of nitrogen, 
this may trigger certain mechanism to suppress the expression of the downstream 
transcription factor of the AtGCN2 pathway so as to conserve the limited nitrogen 
resources. 
Another possibility is that, transcription factor regulated by uORFs does not 
exist in A. thaliana such that a different set of genes were up-regulated. This 
possibility will be discussed below in section 4.7. 
4.5 Overexpression of AtGCN2 did not alter the seed nitrogen content 
Gene expression study can only be used to study the instant gene expression of 
plant as samples can only be collected at discrete time points. However, plant is 
challenged with different stresses such as change in temperature, change in light 
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intensity, depletion of soil nutrient and infection of virus throughout the life cycle. 
Seed as the ultimate sink of plant is the collective outcome of all the stresses 
challenged the plant. Previous study has showed that manipulation of amino acid 
metabolism can enhance the seed nitrogen content (Falco et al 1995; Lam et al. 
2003; Zhu and Galili 2003; 2004). AtGCN2 is believed to be the regulator of amino 
acid in plant. Overexpression of AtGCN2 would possibility cause a lifelong effect to 
the plant. Though AtGCN2 has yet been shown to responsible to the expression of 
amino acid biosynthetic genes, AtGCN2 overexpression may have exerted protective 
effects to the plant in a way that waiting for our discovery. As amino acids are the 
major organic nitrogen in the seed, study of seed total organic nitrogen could reflect 
the amount of amino acid in the seed. 
According to the result in section 3.8, there was no significant difference 
between the seed organic nitrogen content of wild type Col-0 and that of the 
AtGCN2 overexpressors. Since all the plants were grown under controlled growth 
conditions such that the mentioned naturally occur challenges were supposed to be 
minimized. As a result，no advantage can be observed on the AtGCN2 
overexpressors. Different type of stress treatments such as pathogen inoculation and 
amino acid starvation triggered by chemicals will have to be imposed in the future 
investigation of the transgenic plants. 
4.6 Existence of GCN4 and ATF4 in plant 
The relationship of AtGCN2 and eIF2a has been proven in previous (Zhang et 
al. 2008) and this study. Inhibition of translation by AtGCN2 has also been 
demonstrated in the wheat germ translation system (Fig. 14). In mammals and yeast, 
global translation inhibition by eIF2a phosphorylation will lead to selective 
translation of certain transcription factor (Hinnebusch 2005; Wek et al 2006). 
However, the sequence homolog of the transcription factor GCN4 or ATF4, has yet 
been identified in plant. GCN4 and ATF4 are two different bZIP transcription factors 
having different uORFs architecture. According to the difference between GCN4 and 
ATF4, it is possible that, the downstream transcription factors could be functional 
analogs instead of sequence homolog of GCN4 or ATF4. 
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For instance, maize Opaque-2 (Zm02) could be one of the candidates. Zm02 is 
a basic leucine zipper transcription factor containing three upstream reading frames 
(Schmidt et al. 1990) and is translationally regulated by three uORPs (Lohmer et al 
1993). Zm02 mutant was found to have higher levels of free amino acids (Wang and 
Larkins 2001. Moreover, Zm02 can functionally complement the yeast gcn4 mutant 
under amino acid starvation (Mauri et al. 1993). GCN4-like motif on target genes 
promoter was found essential for expression and the activation by Opaque-2 (Wu et 
al 1998). Furthermore, Zm02 likes the yeast GCN4, interacts also with maize 
GCN5 and ADA2 (Bhat et al. 2004). All these suggested that Zm02 may be the 
functional analog of GCN4 and ATF4 in plant. Nevertheless, Opaque-2 like homolog 
have only been found in monocot (Xu and Messing 2008), but there is no report on 
such protein in dicot. Negative result was obtained in the search of Opaque-2 like 
homolog in dicot in GenBank. The most important thing is that, the relationship 
between plant GCN2 and Opaque-2 has not been demonstrated. Therefore, one still 
cannot conclude that Opaque-2 has taken up the missing link of GCN4 in plant. 
4.7 Alternative model without GCN4 and ATF4 homolog 
In this work, overexpression of AtGCN2 in transgenic Arabidopsis did not affect 
the expression of selected metabolic genes under starvation conditions. Previous 
work by another group of researchers also showed that the expression of selected 
metabolic genes was independent of AtGCN2 by studying AtGCN2 knockout mutant 
(Zhang et al. 2008). Together of gain of function and loss of function approach, there 
is little evidence showing that AtGCN2 is involved in transcription regulation of 
amino acid metabolic genes. At the same time, as mentioned in the previous section, 
no known GCN4 or ATF4 homolog has been found in Arabidopsis. An alternative 
model without the homolog of GCN4 and ATF4 is proposed here. 
It was found that mice GCN2 (EIF2AK4) was activated by leucine deprivation 
leads to the downregulation of genes related to triglyceride synthesis resulted in 
repression of hepatic lipogenesis and mobilization of adipose triglycerides 
independent of ATF4 in mice (Guo and Cavener 2007). It was suggested that such 
observation is the result of selective translation of mRNA under the regulation of 
GCN2 (Towle 2007). 
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On the other hand, phosphorylation of eIF2a can also activates transcription 
factor without the involvement of uORFs. NF-KB (Nuclear factor 
keppa-light-chain-enhancer of activated B cells) was a transcription factor in human 
that response to wide range of environmental stresses including amino acid starvation, 
free radicals and UV irradiation (Gilmore 2006; Karin and Ben-Neriah 2000; Pahl 
1999). Precise regulation of NF-KB is so important that any fault in the regulation 
can leads to cancers (Albensi and Mattson 2000). eIF2a phosphorylation has also 
taken part in the regulation of NF-KB. Without stimulus, activity of NF-KB is 
inhibited by IKBS (inhibitors of NF-KB). Reduction of IKBS translation due to eIF2a 
phosphorylation under stressed conditions would reduce binding of IKBS from 
NF-KB allowing NF-KB to enter into the nucleus to activate the expression of target 
genes so as to relief the stresses (Wek et al. 2006). 
The two examples listed above are the examples of GCN2 regulation without 
the involvement of uORFs bearing transcription factors. Though GCN4 and ATF4 
like transcription factor has yet been identified in A. thaliana, it is possible that 
AtGCN2 does not act through uORFs bearing transcription factors to remediate 
stress. Simply, by regulating the global translation, eIF2a kinase can adjust the ratio 
of certain proteins (enzymes, transcription factors, translation factors or signalling 
molecules) with their transacting factors (positive or negative regulator) so as to 
modulate the strength of the biological process. Such process may have been already 
enough to help the plant to adapt to the environmental stresses and that's why no 
uORFs bearing transcription factors can be found. In additional to the reason given in 
section 4.4, it also explained why we and Zhang's group (2008) cannot detect any 
correlation between AtGCN2 and transcription activation of the selected genes. It can 
be proved by the study of differentially translated protein under eIF2a 
phosphorylated conditions through proteomics. In case differentially translated 
transcription factor exists, it can also be identify through the same strategy. 
4.8 Possible application of the in vitro kinase assay 
Activation of yeast GCN2 required a complex formed from GCNl and GCN20 
(Sattlegger and Hinnebusch 2000). Sequence homologs of GCNl and GCN20 have 
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been identified in A. thaliana. Interaction between these two proteins has also been 
demonstrated in the yeast-two-hybrid system (Kato et al 2004). On the other hand, 
other proteins like IMPACT (Bittencourt et al. 2008) may also participate in 
regulating the kinase activity of AtGCN2. With the kinase assay platform established, 
kinase activities of AtGCN2 under different conditions can also be studied. 
Deacylated tRNA and regulators such as GCNl and GCN20 can be added to the 
reaction mix so as to depict and dissect the function and regulation of AtGCN2 in a 
more detailed way. 
4.9 Possible application of the in vitro translation inhibition analysis platform in 
future study 
With the in vitro translation inhibition analysis platform developed in this 
project, we can further analyze the relationship between eIF2a phosphorylation and 
translation inhibition. Phosphorylated eIF2a from kinase assay can be purified and 
added to the translation mixture so as to determine whether phosphorylated form of 
eIF2a can inhibit the translation or not. 
It is also possible to test whether GCN4-like selective translation regulation is 
feasible in plant system or not. It can be done simply by in vitro translating a tag 
cloned downstream of various combinations of uORFs (such as GCN4-like, 
ATF4-like, Opaque2-like or even any artificial uORFs) under normal or inhibited 
conditions to analyze the translation efficiency of the tag to see if there is a selective 
translation. Once certain combinations of uORFs are found to be selectively 
translated, that would give us some clues on searching for the mystical plant GCN4 
analog. Further extension of the idea is that, the identified uORFs combination can 
be cloned upstream of certain reporter and downstream of a constitutive promoter. 
Genome wide insertional mutagenesis will be carried out after the whole construct is 
transformed into Arabidopsis. Mutants having the reporter never expressed or always 
expressed can be used to identify the positive regulators and negative regulators of 
the event. 
Another approach is that, total mRNA from Arabidopsis can be added to the 
assay system with or without addition of AtGCN2. By analyzing the translation 
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product using 2D PAGE, differentially translated proteins can be identified. Such 
approach allows us to explore the possibilities that, GCN2 in plant not only regulate 
the translation of a single transcription factor, but it does regulate the global 
translation instead of purely inhibition. 
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Chapter 5 Conclusion and Future Prospective 
In this study, plant GCN2 (AtGCN2) was characterized and its biological roles 
were compared with those in mammals and yeast systems. The kinase and histidyl 
tRNA synthetase-related domain of AtGCN2 were dissected to test their functions in 
vitro. tRNA binding ability, kinase activity, inhibitory effect on translation and the 
regulatory mechanism of the domain were delineated. C-terminal of AtGCN2 has 
been demonstrated to bind specifically to tRNA in the gel mobility shift assay. On the 
other hand, in vitro translation assay has shown that AtGCN2 can inhibit the 
translation of HA mRNA. Furthermore, two eIF2a were identified in Arabidopsis 
thaliana. In the in vitro kinase assay, the serine-56 of two different eIF2a have been 
proven to be the substrates of full length AtGCN2 in vitro: By characterization of 
AtGCN2 overexpressors，the functions of plant GCN2 was found to display 
differently as those in yeast and mammals, as the nitrogen metabolic genes were not 
affected. At the same time, the seed nitrogen content was not altered as well by the 
overexpression of AtGCN2. 
Two platforms have been developed for the study of the AtGCN2 in this project. 
The in vitro kinase assay would allow us to further study the regulation of the kinase 
activity of AtGCN2 and its interaction with other proteins while the in vitro 
translation inhibition assay would allow us to determine the consequence of AtGCN2 
actions. 
On the other hand, the focus of the research should be shifted from AtGCN2 to 
the functional characterization of the two eIF2a candidates so as to uncover the 
difference in the roles of the two proteins. This would allow us to further understand 
the exact role of AtGCN2 in the plant system. 
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Appendix I: Commercial kits used in this project 
〈 4 》 4 〃 網 ^ ^^Wm'-y：：^^ 、基CatalegMunber 
ABI prism BigDye® 
Terminator v3.1 Cycle 
Sequencing Kit 
Applied Biosystems 
(Foster City, California, USA) 
4337455 
Advantage®� 
Polymerase Mixes and 
PGR Kits 
Clontech Laboratories, Inc. 
(Palo Alto, California, USA) 
639201 
ECL Advance Western 
blot detection kit 





GE Healthcare Life Sciences 
(Uppsala, Sweden) 
27-45470-03 
High pure PGR product 
purification kit 
Roche Diagnostic Limited 
(Basel, Switzerland) 
11 732 668 0001 
iQ 1M SYBR Green 
Supermix 
Bio-Rad Laboratories 
(Hercules, California, USA) 
170-8882 
1 
Nanosep Devices 1 Ok 
1 
Pall Corporation 
(New York, USA) 
OD010C34 
RiboMax"" Large 
Scale RNA Production 
System-T7 
Promega Corporation 
(Madison, Wisconsin, USA) 
P1280 
SpinClean"^ MBP 




Wheat germ extract Promega Corporation 
(Madison, Wisconsin, USA) 
L4380 




(Madison, Wisconsin, USA) 
A7510 
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Appendix II: Buffer, solution, gel and medium 
Item Recipe 
Agarose gel (1%) 
(for DNA) 





15mM CaClz, 0.07ng/ml C0CI2, 0.046|iM CaS04, 7.5mM 
M G S 0 4 , 0 .036 | l iM ZnS04, 0.85g/L KH2PO4 
lOmMATP Dissolve ATP salt in 25mM Tris-HCl (pH 8.0) 
lOOOX vitamin B5 lOOmg myo-inositol, lOOmg thiamine-HCl, lOmg nicotine 
acid, lOmg pyridoxine-HCl. Fill H2O to 10ml. 
Brilliant blue 
staining 
Ig brilliant blue R-250, 170g ammonium sulphate, 340ml 
methanol, 36ml phosphoric acids. Add H2O to IL. 
6X Bromophenol 
blue loading dye 
(6X nucleic acids 
loading dye) 
0.25% bromophenol blue in 30% glycerol. Add to 
destination volume with H2O. 
3% BSA blocking 
solution 
0.3g BSA fraction V in 10ml TBST 
Calcium chloride 
solution 
60mM CaCl2, 15% glycerol and lOmM PIPES, pH 7.0 in 
H2O. Autoclave to sterile. 
DEPC-treated H2O Treat of ultrapure H2O with 0.1% diethypyrocarbonate 
(DEPC) (v/v) overnight. Autoclave to sterile and to remove 
DEPC. 
lOX Dunn's buffer 8.4g NaHCOs, 3.2g NazCOj in ILH2O 
Gel shift buffer 20mM HEPES, 150mM NaCb, 7.5mM MgCb, 10% 
Glycerol, 0.2U/|il RNasin ribonuclease inhibitor 
2X Kinase buffer 20mM Tris-HCl pH7.9, 20mM MgCb, lOOmM NaCl, 
4mM DTT，200|iM ATP, 2mM Calyculin A, 100|iM PMSF. 
Add H2O to destination volume 
LB broth 20g LB powder in IL H2O. Autoclave to sterile. 
LB agar plate 20g LB powder and 15g bacto-agar in ILH2O. Autoclave 
to sterile. 
lOX MOPS 200mM MOPS, 50mM sodium acetate, lOmM EDTA, pH 
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7.0. Add to destination volume with H2O. 0.1% DEPC 
treatment overnight. Autoclave to sterile and to remove 
DEPC 
MS plate Dissolve 4.3g Murashige & Shoog salt mixture, lOg 
sucrose, 0.5g MES in H2O. Adjust pH with KOH. Add to 
IL with H2O. Add 9g bacto-agar. Autoclave to sterile. 
MS plate without 
nitrogen 
100ml lOX MS micronutrient, 200ml 5X Arabidopsis 
supplement without nitrogen, lOg sucrose, 0.5g MES in 
H2O. Adjust pH with KOH. Add to IL with H2O. Add 9g 
bacto-agar. 
Autoclave to sterile 




200mM Tris, 400mM KCl，200mM Sucrose, 35mM 
MgCb • 6H2O, 25mM EGTA，pH9. Add to destination 
volume with H2O. 0.1% DEPC treatment overnight. 
Autoclave to sterile and to remove DEPC 
SDS polyacrylamide 
stacking gel (4%) 
2.5ml H2O, 1ml 0.5M Tris-HCl pH6.8 with 0.4% SDS, 
0.55ml acrylamide/bisacryamide (37.5%/l% (w/v)), 5)al 
TEMED and 50|a,l 10% ammonium persulphate 
SDS polyacrylamide 
separating gel (10%) 
2ml H2O，1.25ml 1.5M Tris-HCl pH8.8 with 0.4% SDS, 
1.7ml acrylamide/bisacry amide (37.5%/l% (w/v)), 5|il 
TEMED and 50|j,l 10% ammonium persulphate 
SDS sample loading 
buffer (5X) 
0.5M Tris pH6.8, 50% glycerol, 0.5% bromophenol blue, 
10% SDS 
Mix p-mercaptoethanol with sample dye in 1:3 ratio before 
use 
5% skim milk 
blocking solution 
0.5g skim milk power in 10ml TEST 
Sodium acetate 
(pH5.2/5.6) 
3M sodium acetate in H2O. Adjust pH with acetic acid. 
0.1% DEPC treatment overnight. Autoclave to sterile and 
to remove DEPC 
20X SSC 3M NaCl，300mM sodium citrate, pH 7.0. 0.1% DEPC 
100 
treatment overnight. Autoclave to sterile and to remove 
DEPC 
50X TAE buffer 242g Tris base, 57.1ml glacial acetic acid, 18.6g EDTA. 
Adjust volume to 1L with deionized water 
TBS 20mM Tris-HCl (pH 7.5) and 150mM NaCl 
TEST TBS with 0.1% Tween-20 
Tris-glycine buffer 0.05M Tris, 0.38M glycine, 2mM EDTA-Na^, 0.1% SDS. 
Add to destination volume with H2O 
Tris-glycine buffer 
(pH 6.8) 
0.5M Tris-HCl with 0.4% SDS pH6.8 
Tris-glycine buffer 
(pH 8.8) 
1.5M Tris-HCl with 0.4% SDS pH8.8 
Appendix III: Chemicals, reagents and consumables 
Chemicals Company and catalog number 
Acetic acid Fluka 49199 
Acrylamide/bis solution (premixed) 37.5:1 Bio-Rad 161-0158 
Ammonium persulfate Bio-Rad 161-0700 
Ammonium sulphate USB US 11254 
ATP, lithium salt Roche 1140965001 
Bacto agar BDS 214030 
(3-mercaptoethanol Sigma M6250-100ML 
Bio-14-CTP Invitrogen 19519-016 
BSA fraction V Roche 10735078001 
Calyculin A from Discodenia calyx Sigma C5552，10UG 
dNTP mix PromegaU1515 
Glycerol IL 1096318 
Glycine Bio-Rad 161-0724 
Hyperfilm ECL GE Healthcare 28-9068-38 
LB broth GE Healthcare 75852 
Leupeptin hemisulfate Sigma L2884-10MG 
Murashige & Skoog Caisson MSP0501 
Phenvlmethylanesulfonyl fluoride Sigma P7676-250MG 
Precision plus protein dual color standard Bio-Rad 161-0374 
Recombinant Rnasin ribonuclease Promega N2511 
Ribonucleic acid Sigma R7876-500UN 
Sequi-blot PVDF membrane Bio-Rad 162-0184 
Sigmafast BCIP/NBT tablet Sigma B5655 
Sodium chloride GE Healthcare US21618 
Supported nitrocellulose membranes Bio-Rad 162-0095 
Sucrose GE Healthcare US21938 
TEMED USB US76320-100G 
Tris GE Healthcare 75825 
Tween 20 Sigma P9416-100ML 
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Appendix IV: Enzymes 
Enzymes Company and catalog number 
Deoxyribonuclease I Invitrogen 18068-015 
GoTaq Flexi DNA polymerase Promega M8295 
Bamm NEB R0146S 
EcoK\ NEB ROIOIS 




Sail NEB R0138S 
Smal NEB R0141S 
Superscript III Rnase reverse 
transcriptase 
Invitrogen 18080-85 
T4 DNA ligase NEB M0202L 
T4 RNA ligase 1 NEB M0204S 
Trypsin, sequencing grade 
modified 
Promega V5111 
Xhol NEB R0146S 
Xma\ NEB R0180S 
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Appendix V: Antibodies 




Anti-HA tag polyclonal antibody Clontech 631207 
Anti-mouse IgG, HRP-liked whole Ab GE Healthcare NA931-100UL 
Anti-mouse polyvalent immunoglobulins 
(G, A, M)-alkaline phosphatase antibody 
Sigma A0612-0.25ML 
Anti-rabbit IgG, HRP-linked whole 
Antibody 
GE Healthcare NA934-1ML 
Monoclonal anti-maltose binding protein 
antibody 
Sigma M6295-0.2ML 
Phospho-eIF2a(ser51) antibody，lOOul CST 972 IS 
Precision Protein STREPTACTIN-HRP Bio-Rad 161-0381 
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Appendix VI: Equipments and facilities 
Equipment Company and part number 
Biological Safety Cabinet Baker SG600E 59419 
iQ5 Real-Time PGR Detection 
System 
Bio-Rad 170-8740 
Gel D o c ' m E Q System Bio-Rad 170-8060 
The ABI PRISM®' 3100 Genetic 
Analyzer 
Applied Biosystems 3100-01 
Growth chamber Percival AR-32L 3859-05-971 
GS Gene Linker UV Chamber Bio-Rad 0392-92-0336 
Lumi-Imager Roche 2012847 
Microcooler II Bockel Scientific 260010 
Mini trans-blot module Bio-Rad 170-3935 
Orbital shaker Lab line 4628-1 
Power supply MIDI MP-250 Life technologies 4801311 




Refrigerated Centrifuge Eppendorf5810R 
Thermomixer Shakers Eppendorf 022670158 
105 
Appendix VII: Supplementary Data 
-GCN2C MBP-GCN2N MBP-GCN2FL 
At2e40290 At5e05470 At2e40290 At5e05470 At2e40290 At5e05470 At2e40290 At5e05470 
Figure Al . (Repeat) Both eIF2a can only be phosphorylated by full-length 
AtGCN2 in vitro. In vitro, the GST tagged two eIF2a candidates were mixed with 
different fragments of MBP tagged AtGCN2. The proteins were resolved by 
SDS-PAGE and detected by Western blot using phosphorylated eIF2a specific 
antibody. Signals can only be detected in the reaction containing full-length AtGCN2. 
Phosphorylated form of both candidates can be detected. GCN2C: AtGCN2 
C-terminal fragment; GCN2N: AtGCN2 N-terminal fragment containing kinase 
domain; GCN2FL: full-length AtGCN2. 
Tlme(mln) 60 70 80 90 100 
• • 參 脅 會 Buffer only 
• # • MBP 
• , • • MBP-GCN2FL 
Figure A2. (Repeat) Full length AtGCN2 inhibited in vitro translation of HA 
mRNA. Amount of translation product of HA mRNA was managed at 10 min 
intervals by protein dot blot using anti-HA tag antibody. It is obvious that the signal 
of HA protein was the weakest in the reaction containing MBP-GCN2FL throughout 
the experiment compared with the buffer only and MBP only control. 
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D O r g a n i c nitrogen 
-0"C:N ratio 
ColO GCN2-A GCN2-S GCN2-8 
Line 
Seed nitrogen content and C:N ratio in AtGCN2 
overexpressors 
L6 
Figure A3. (Biological repeat) Overexpression of AtGCN2 in Arabidopsis 
thaliana did not affect the seed organic nitrogen content and C:N ratio. Open bar: 
organic nitrogen content (% dry weight); Line with open square: C:N ratio. ColO: 
wild type Columbia-0; GCN2-A, GCN2-5 and GCN2-8: overexpressors oiAtGCN2. 
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Figure A4: Amplification efficiency of real time primers. Threshold cycle was plot 
against the log concentration of cDNA and the amplification efficiency was 
Vsk calculated by E = 10 
regression of the plot. 
E: amplification efficiency; slope: slope of the linear 
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